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FOREWORD 
* 
T h i s  r e p o r t  documents t h e  r e s u l t s  of an on-going t e c h n i c a l  e v a l u a t i o n  f o r  
t h e  FY 1983/1984 t i m e  p e r i o d  performed by t h e  Lockheed-California Company on 
advanced powder meta l lurgy  A1 a l l o y  m a t e r i a l s .  The p r e s e n t  t e c h n i c a l  e f f o r t  
i n v o l v e s  t h e  development and c h a r a c t e r i z a t i o n  of powder meta l lurgy  2XXX series 
A 1  a l l o y  p l a t e  and s h e e t  m a t e r i a l s  f o r  h igh  temperature  a i r c r a f t  s t r u c t u r a l  
a p p l i c a t i o n s .  The r e p o r t i n g  per iod  is from 30 September 1982 t o  30 September 
1984. The r e s e a r c h  s tudy  was j o i n t l y  conducted f o r  t h e  NASA Advanced M a t e r i a l s  
and S t r u c t u r e s  Branch and t h e  NASA Advanced Supersonic  Technology P r o j e c t  
O f f i c e  under NASA-LaRC Contract  NAS1-16048, Modif ica t ion  14. S.M. Dollyhigh 
and W.B. L i s a g o r ,  J r .  se rved  a s  Technical  Monitors on t h e  p r e s e n t  e f f o r t  a t  
t h e  NASA-Langley Research Center .  
The au thor  i s  g r a t e f u l  t o  t h e  e x t e n s i v e  and thorough s u b c o n t r a c t  work 
performed by H.G. P a r i s ,  J . A .  Walker, and t h e i r  a s s o c i a t e s  a t  t h e  Technica l  
Research Laboratory of  Aluminum Company of America. The au thor  i s  a l s o  g r a t e -  
f u l  t o  G.G.  Wald and I . F .  Sakata  f o r  t h e i r  t e c h n i c a l  c o n t r i b u t i o n s  t o  t h i s  
e f f o r t .  
The au thor  d e d i c a t e s  t h e s e  r e s e a r c h  s t u d i e s  on PM 2XXX se r i e s  A1 a l l o y s  
t o  t h e  memory of G.G.  Wald whose pass ing  was marked on 10 September 1982. H e  
formulated t h e  m e t a l l u r g i c a l  b a s i s  f o r  a l l  Lockheed r e s e a r c h  and development 
a c t i v i t i e s  i n  t h e  PM A1 a l l o y  development a r e a  and served  cont inuous ly  a s  a 
c o n s u l t i n g  m e t a l l u r g i s c  on t h e  present  e f f o r t .  H i s  t e c h n i c a l  b r i l l i a n c e ,  
d i sarming  w i t ,  and e n d l e s s  enthusiasm w i l l  be g r e a t l y  m i s s e d  by a l l  of h i s  
c o l l e a g u e s .  
P r i o r  work conducted dur ing  FY 1981/1982 (15 August 1981 through 
30 September 1982) by t h e  Lockheed-California Company on t h i s  c o n t r a c t  i s  
r e p o r t e d  by NASA Cont rac tor  Report  172408, e n t i t l e d  "Development of Powder 
Meta l lurgy  2XXX Series A 1  A l l o y s  f o r  High Temperature A i r c r a f t  S t r u c t u r a l  
A p p l i c a t i o n s .  
Use of commercial p roducts  o r  names of manufac turers  i n  t h i s  r e p o r t  does 
n o t  c o n s t i t u t e  o f f i c i a l  endorsement of such p r o d u c t s  o r  manufac turers ,  e i t h e r  
expressed  o r  impl ied ,  by t h e  Nat iona l  Aeronaut ics  and Space Adminis t ra t ion .  
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DEVELOPMENT OF POWDER METaLURGY 2XXX SERIES 
AL ALLOY PLATE AM) SHEET MATERIALS FOR HIGH 
TEMPERATURE AIRCRAFT STRUCTURAL APPLICATIONS 
D. J.  Chellman, Lockheed-California Company 
SUMMARY 
The o b j e c t i v e  of t h e  p r e s e n t  i n v e s t i g a t i o n  i s  t o  f a b r i c a t e  and e v a l u a t e  
PM 2124 A 1  a l l o y  p l a t e  and s h e e t  m a t e r i a l s  i n  accordance w i t h  NASA program 
goa l s  f o r  damage t o l e r a n c e  and f a t i g u e  r e s i s t a n c e .  Previous  r e s e a r c h  has  
i n d i c a t e d  t h e  o u t s t a n d i n g  s t r e n g t h  - toughness r e l a t i o n s h i p  a v a i l a b l e  w i t h  
PM 2124 A1  - Z r  modified a l l o y  compositions i n  ex t ruded  product forms. The 
range  of  p rocess ing  c o n d i t i o n s  w a s  explored i n  t h e  f a b r i c a t i o n  of p l a t e  and 
sheet gage materials,  as w e l l  a s  t h e  r e s u l t a n t  mechanical and m e t a l l u r g i c a l  
p r o p e r t i e s .  
0.60 w t .  p c t .  Z r  w a s  s e l e c t e d  f o r  i n v e s t i g a t i o n .  F l a t  r o l l e d  m a t e r i a l  con- 
s i s t i n g  of 0.250 i n .  t h i c k  p l a t e  and 0.070 i n .  t h i c k  s h e e t  w a s  f a b r i c a t e d  
u s i n g  s e l e c t e d  thermal  mechanical t r ea tmen t s  (TMT). The schedu le  of TMT 
o p e r a t i o n s  w a s  designed t o  y i e l d  t h e  extreme c o n d i t i o n s  of g r a i n  s t r u c t u r e  
normally encountered i n  t h e  f a b r i c a t i o n  of f l a t  r o l l e d  p roduc t s ,  s p e c i f i c a l l y  
r e c r y s t a l l i z e d  and u n r e c r y s t a l l i z e d .  The PM A 1  a l l o y  p l a t e  and s h e e t  materials 
e x h i b i t e d  improved s t r e n g t h  p r o p e r t i e s  a t  t h i n  gages compared t o  I M  A 1  a l l o y s ,  
as a consequence of t h e i r  enhanced a b i l i t y  t o  i n h i b i t  r e c r y s t a l l i z a t i o n  and 
g r a i n  growth. I n  a d d i t i o n ,  t h e  PM 2124 A 1  a l l o y s  o f f e r  much b e t t e r  combina- 
t i o n s  of s t r e n g t h  and toughness over  equ iva len t  I M  A l .  The a l l o y  micros t ruc-  
t u r e s  w e r e  examined by o p t i c a l  metallography and c r y s t a l l o g r a p h i c  t e x t u r e  
t echn iques  i n  o r d e r  t o  e s t a b l i s h  t h e  m e t a l l u r g i c a l  b a s i s  f o r  t h e s e  s i g n i f i c a n t  
p r o p e r t y  improvements. 
The PM composition based on A1-3.70 Cu-1.85 Mg - 0.20 Mn w i t h  
SYMBOLS, ABBREVIATIONS, ACRONYMS 
Symbol 
AA 
E 
C 
E ,  E t  
E 
FJ 
E 
- 
G.P. (B) 
Zones 
D e f i n i t i o n  
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1. I N T R O D U C T I O N  
1 .1  Ob jec t ives  
The gene ra l  o b j e c t i v e  of t h e  f i s c a l  yea r  (FY) 1983/1984 s t r u c t u r e s  and 
m a t e r i a l s  technology s t u d i e s  i s  t o  i d e n t i f y  and conduct t h e  r e s e a r c h  and 
development a c t i v i t i e s  necessary  t o  suppor t  d e c i s i o n s  r e l a t e d  t o  p l ans  f o r  
f u t u r e  United S t a t e s  a i r c r a f t  t r a n s p o r t a t i o n  sys tems.  A major p o r t i o n  of t he  
technology s t u d i e s  a r e  focused on t h e  development and e v a l u a t i o n  of advanced 
A I  a l l o y  m a t e r i a l s .  S ince  1978 Lockheed-California Company has  been involved 
i n  t h e  development of a fami ly  of advanced A 1  a l l o y s  i n  con junc t ion  w i t h  
s e v e r a l  A 1  a l l o y  producers .  The r e s e a r c h  e f f o r t s  have been d i r e c t e d  toward 
t h e  i d e n t i f i c a t i o n ,  f a b r i c a t i o n ,  and c h a r a c t e r i z a t i o n  of a fami ly  of  powder 
meta l lurgy  (PM) A 1  a l l o y s  t a i l o r e d  t o  s a t i s f y  s p e c i f i c  des ign  p r o p e r t i e s ,  
i n c l u d i n g  h i g h  s t r e n g t h ,  damage t o l e r a n c e  and f a t i g u e  r e s i s t a n c e ,  h igh  modulus, 
and low d e n s i t y .  The goa l  i s  t o  r e a l i z e  A 1  a l l o y s  t h a t  e x h i b i t  s p e c i f i c  
s t r e n g t h s  comparable t o  T i  a l l o y s  f o r  supe r son ic  c r u i s e  a p p l i c a t i o n s  i n  the  
tempera ture  range of 250" t o  350°F. The t e c h n i c a l  approach has  involved t h e  
implementation o f  a l l o y i n g  and p rocess ing  methods t h a t  o f f e r  p o t e n t i a l  improve- 
ments i n  e leva ted  tempera ture  behavior  over  convent iona l  A 1  a l l o y s .  
a l l o y s  are of i n t e r e s t  f o r  h ighe r  performance m i l i t a r y  and commercial a i r c r a f t  
s y s t e m s  because of t h e i r  r e l a t i v e l y  low c o s t  and e a s e  of f a b r i c a t i o n  compared 
t o  a l t e r n a t i v e  a l l o y  m a t e r i a l s .  
New A 1  
The a l l o y i n g  and p rocess ing  development work r epor t ed  h e r e i n  covers  t h e  
FY 1983/1984 research  e f f o r t s  undertaken f o r  ach iev ing  t h e  damage t o l e r a n t  and 
f a t i g u e  r e s i s t a n t  t a r g e t  o b j e c t i v e s  given i n  Table  1.  Research a c t i v i t i e s  i n  
coord ina t ion  wi th  t h e  Aluminum Company of America (Alcoa) addressed the  a p p l i -  
c a t i o n  of PM process ing  methods, a l l o y  con ten t  m o d i f i c a t i o n s ,  and thermal  
mechanical  treatments (TMT) w i t h i n  t h e  2XXX series A1 a l l o y  system. Ingot  
me ta l lu rgy  (IM) a l l o y  mater ia l s  based on 2XXX ser ies  o r  Al-Cu-Mg-(Mn) a l l o y s  
have been ex tens ive ly  used i n  n a t u r a l l y  aged (NA) tempers f o r  damage t o l e r a n t  
and f a t i g u e  r e s i s t a n t  s t r u c t u r a l  a p p l i c a t i o n s  a t  room tempera ture .  However, 
t h e  n e c e s s i t y  of e l e v a t e d  tempera ture  s e r v i c e  d i c t a t e s  t he  employment of a r t i -  
f i c i a l l y  aged (AA) tempers where t h e  s t r e n g t h ,  f r a c t u r e  toughness ,  and notched 
f a t i g u e  proper ty  combination a v a i l a b l e  w i t h  I M  A 1  a l l o y s  i s  r e l a t i v e l y  poor .  
Alloy development s t u d i e s  on t h r e e  prev ious  NASA-LaRC c o n t r a c t s  have demon- 
s t r a t e d  t h a t  s i g n i f i c a n t  improvements i n  s t r e n g t h ,  f r a c t u r e  toughness ,  and 
notched f a t i g u e  p r o p e r t i e s  a r e  obta ined  by t h e  f a b r i c a t i o n  of 2XXX ser ies  A 1  
a l l o y s  w i t h  PM process ing  techniques .  
involved t h e  eva lua t ion  of A1-Cu-X and A1-Cu-Mg-X a l l o y  composi t ions i n  t h e  
form of r e c t a n g u l a r  extruded ba r .  The PM Al-Cu-Mg-Zr a l l o y  system e x h i b i t e d  t h e  
most a t t r a c t i v e  combination of p r o p e r t i e s  f o r  damage t o l e r a n t  and f a t i g u e  
r e s i s t a n t  s t r u c t u r a l  requirements .  S ince  a major usage of 2XXX ser ies  A 1  
a l l o y s  f o r  damage t o l e r a n t  s t r u c t u r a l  a p p l i c a t i o n s  invo lves  t h e  product  forms 
o f  p l a t e  and s h e e t ,  i t  is  important  t o  e s t a b l i s h  t h e  p rocess ing  methods l ead ing  
t o  PM 2XXX A 1  a l l o y  f l a t  r o l l e d  p l a t e  and s h e e t  m a t e r i a l  forms. The t e c h n i c a l  
o b j e c t i v e s  of  the p re sen t  s tudy  addres s  t h i s  i s s u e  i n  terms o f :  (1) e x p l o r i n g  
The p r i o r  r e s e a r c h  on PM 2XXX A I  a l l o y s  
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TABLE 1. - ADVANCED ALLJIfINUN ALLOY TARGET OBJECTIVES - 
DANAGE TOLERANT AND FATIGUE RESISTANT 
Requirements 
1. Strength: Ftu - ksi 
F - ksi 
CY 
2. Fatigue: *FMAX - ksi 
* * A K  - ksi d i n .  
3. Fracture K ~ p p  - ksi d n .  
KIC- ksi d n .  
Toughness: 
3 4. Density: Ib/in 
5. Elastic Modulus: Msi 
6. Corrosion Resistance: 
Stress Corrosion - ksi 
Exfoliation corrosion 
Fatigue and Crack Growth Goals: 
*FMAX a t  10 5 Cycles, 
Kt = 3, R = 0.1 
Damage 
Tolerance 
68 
62 
30 
1.2 
81 
30 
10.7 
25 
>EA 
**AK for R = 0.1, DA/ON = 
in/in, Rel. Humid. 
>95% 
Notes: Elevated temperature property goals include 
a) 
b) 
Stabiliw - room temperature properties unaffected by 
exposure up to  350°F 
Greater than 80 percent of room temperature properties in 
range of 250Oto 350°F 
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t h e  range of  p o t e n t i a l  m i c r o s t r u c t u r a l  v a r i a t i o n s  encountered i n  t h e  
f a b r i c a t i o n  of f l a t  r o l l e d  m a t e r i a l s ,  and ( 2 )  e s t a b l i s h i n g  t h e  r e l a t i o n s h i p s  
between deformation process ing  c o n d i t i o n s ,  a l l o y  m i c r o s t r u c t u r e ,  and mechani- 
c a l  p roper ty  behavior.  
s h e e t  m a t e r i a l s  i n  t h i s  r e p o r t i n g  per iod  included t h e  fo l lowing  a c t i v i t i e s :  
The r e s e a r c h  e f f o r t s  on PM 2XXX A 1  a l l o y  p l a t e  and 
e 
e 
e 
e 
e 
e 
e 
e 
P r e p a r a t i o n  of two PM 2124  A I  a l l o y  t y p e  b i l l e t  s l a b s  s u i t a b l e  f o r  
ro l . l i ng  s t u d i e s  based on Z r  conten t  m o d i f i c a t i o n s  
F a b r i c a t i o n  of two p r o c e s s i n g  v a r i a n t s  i n  0 . 2 5 0  i n .  gage p l a t e  
involv ing  s e l e c t e d  h o t  and warm r o l l i n g  schedules  
F a b r i c a t i o n  of two p r o c e s s i n g  v a r i a n t s  i n  0.070 i n .  gage s h e e t  
involv ing  s e l e c t e d  h o t  and warm r o l l i n g  schedules  
Determination of s o l u t i o n  hea t  t r e a t m e n t ,  s t r e t c h ,  and age hardening  
behavior  of candida te  PM 2124  A 1  a l l o y  p l a t e  and s h e e t  m a t e r i a l s  by 
hardness  and t e n s i l e  s c r e e n i n g  tes ts  
Assessment of i n f l u e n c e  of Z r  a d d i t i o n s  on s u b g r a i n  and g r a i n  s t r u c -  
t u r e ,  r e c r y s t a l l i z a t i o n ,  and t e x t u r e  of  PM A 1  a l l o y  p l a t e  and s h e e t  
E s t a b l i s h  s t r e n g t h - f r a c t u r e  toughness  p r o p e r t y  combinations a v a i l a b l e  
w i t h  candidate  PM 2124  A 1  a l l o y  p l a t e  and s h e e t  m a t e r i a l s  
Evaluat ion of t h e  m i c r o s t r u c t u r a l  f e a t u r e s  of s l a b ,  b i l l e t ,  p l a t e ,  
and shee t  m a t e r i a l  forms by o p t i c a l  m e t a l l o g r a p h i c  and c r y s t a l l o g r a p h i c  
t e x t u r e  techniques  
Comparison of candida te  PM 2 1 2 4  A 1  a l l o y  p l a t e  and s h e e t  m a t e r i a l s  
w i t h  r e s p e c t  t o  achievement of damage t o l e r a n t  and f a t i g u e  r e s i s t a n t  
o b j e c t i v e s  
1 . 2  Background 
The achievement of improved p r o p e r t y  combinations f o r  A 1  a l l o y s  a p p l i -  
c a b l e  t o  supersonic  a i r c r a f t  s t r u c t u r e s  h a s  been demonstrated on t h r e e  prev ious  
NASA-LaRC r e s e a r c h  programs by employing a l l o y  m o d i f i c a t i o n s  and PM process ing .  
For damage t o l e r a n t  and f a t i g u e  r e s i s t a n t  g o a l s  (Table  l ) ,  a n  a t t r a c t i v e  
combination of t e n s i l e  s t r e n g t h ,  f r a c t u r e  toughness ,  and notched f a t i g u e  
p r o p e r t i e s  w a s  d i sp layed  by PII composi t ion v a r i a t i o n s  based on 2 1 2 4 ,  2 6 1 8 ,  
and 2219  t y p e  A 1  a l l o y s .  I n  p a r t i c u l a r ,  r e s e a r c h  a c t i v i t i e s  i n  coopera t ion  
w i t h  Alcoa have demonstrated t h e  o u t s t a n d i n g  s t r e n g t h  - toughness  r e l a t i o n -  
s h i p  a v a i l a b l e  wi th  extruded PM 2124  series A 1  al.loys i n v o l v i n g  Z r  conten t  
a d d i t i o n s .  The fo l lowing  r e s u l t s  were obta ined  and d i s c u s s e d  i n  t h e  prev ious  
s t u d i e s  w i t h  respec t  t o  a t t a i n m e n t  of t h e  damage t o l e r a n t  and f a t i g u e  resis- 
t a n t  t a r g e t  o b j e c t i v e s :  (1) h i g h  s t r e n g t h  levels  were obta ined  f o r  t h e  PM 2124  
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A l - Z r  modif ied a l l o y  e x t r u s i o n s ,  (2) ou ts tanding  f r a c t u r e  toughness v a l u e s  w e r e  
shown f o r  a r t i f i c i a l l y  aged tempers i n  t h e  PM 2XXX A 1  a l l o y s ,  ( 3 )  notched f a t i g u e  
s t r e n g t h s  g e n e r a l l y  exceeded t h e  proper ty  va lues  a s s o c i a t e d  w i t h  I M  2XXX A 1  
a l l o y s ,  and ( 4 )  e l e v a t e d  tempera ture  r e s i s t a n c e  and s t a b i l i t y  p r o p e r t i e s  f o r  t h e  
PM 2XXX series A 1  a l l o y  e x t r u s i o n s  were achieved up t o  approximately 350°F. The 
p rope r ty  behavior  i n  comparison t o  IF! A 1  a l l o y s  sugges t  t h a t  complex composition 
and p rocess ing  r e l a t i o n s h i p s  e x i s t  between p r e c i p i t a t e  and d i s p e r s o i d  s t r eng th -  
en ing ,  e l e v a t e d  temperature  environments, and f r a c t u r e  toughness cons ide ra t ions .  
The PM Al-Cu-Mg-Zr a l l o y s  based on t h e  2124 type  A 1  a l l o y  composition 
have demonstrated t h e  most promising proper ty  combinations w i t h  r e s p e c t  t o  
a t t a inmen t  of t h e  damage t o l e r a n t  and f a t i g u e  r e s i s t a n t  goa ls .  Alloy develop- 
ment s t u d i e s  have i n d i c a t e d  t h a t  Z r  add i t ions  are p a r t i c u l a r l y  e f f e c t i v e  i n  
c o n t r i b u t i n g  t o  a f i n e  grained and u n r e c r y s t a l l i z e d  m i c r o s t r u c t u r e  i n  A 1  a l l o y  
e x t r u s i o n s .  
0.60 w t .  p c t .  Z r  a d d i t i o n  exh ib i t ed  the most f a v o r a b l e  combination of proper- 
t ies  based on t h e  prev ious  i n v e s t i g a t i o n s .  The r a p i d  s o l i d i f i c a t i o n  rates 
produced by a tomiza t ion  w e r e  observed t o  p r o h i b i t  t h e  p r e c i p i t a t i o n  of coa r se ,  
primary A 1  Z r  phases  i n  t h i s  a l l o y  system. A major p o r t i o n  of t h e  Z r  p r e c i p i -  
t a t e d  as f i n e l y  d i s t r i b u t e d ,  coherent  A 1  Z r  phases  du r ing  vacuum prehea t ing  
and s o l u t i o n  hea t  t rea tment .  The proper ba lance  between Cu and Mg con ten t s  
e l imina ted  undisso lved ,  s o l u b l e  c o n s t i t u e n t s  such  as A12CuMg and A 1  Cu dur ing  
a tomiza t ion .  The r e s u l t a n t  ex t ruded  mic ros t ruc tu res  produced a unique combina- 
i n c r e a s e  i n  t h e  volume f r a c t i o n  of coherent A 1  Z r ,  u n l i k e  incoherent  A1 Cu Mn 3 20 2 3 d i s p e r s o i d s ,  appears  t o  s t r e n g t h e n  t h e  PM A 1  base a l l o y  by e i t h e r  d i s l o c a t i o n -  
p r e c i p i t a t e  i n t e r a c t i o n s  o r  r e t a r d a t i o n  of r e c r y s t a l l i z a t i o n  mechanisms. 
Furthermore,  coherent  A1 Z r  does no t  appear t o  degrade f r a c t u r e  toughness t o  
t h e  e x t e n t  t h a t  incoherent  A 1  Cu Mn does. Consequently,  t h e  a d d i t i o n  of 
0.60 w t .  p c t .  Z r  t o  t h e  base  %o$, ?ncorporated w i t h  a 935°F s o l u t i o n  h e a t  
t rea tment  temperature ,  produces a PM A1 a l l o y  t h a t  exceeds a l l  t e n s i l e  pro- 
p e r t y ,  f r a c t u r e  toughness ,  and notched f a t i g u e  goa ls  f o r  damage t o l e r a n t  and 
f a t i g u e  r e s i s t a n t  a p p l i c a t i o n s  i n  t h e  a r t i f i c i a l l y  aged cond i t ion .  The PM 
2124 A l - Z r  modified a l l o y s  d i sp layed  supe r io r  mechanical p r o p e r t i e s  when com- 
pared t o  both  o t h e r  PM 2124 A 1  a l l o y s  and an exper imenta l  I M  2124 composition 
w i t h  0.12 w t .  p c t .  Z r .  
I The PM composition c o n s i s t i n g  of A1-3.70 Cu-1.85 Mg-0.20 Mn w i t h  
I 
I 
3 
3 
I 
i 2 
I t i o n  of s t r e n g t h ,  f r a c t u r e  toughness ,  and notched f a t i g u e  r e s i s t a n c e .  An 
3 
I 
The i n t r o d u c t i o n  and s t r u c t u r a l  a p p l i c a t i o n  of PM 2XXX series A 1  a l l o y s  
on a i r c r a f t  systems is  c u r r e n t l y  l imi ted  by t h e  l a c k  of e s t a b l i s h e d  p rocess ing  
methods f o r  f l a t  r o l l e d  product  forms. Rolled p l a t e  and s h e e t  materials com- 
p r i s e  a major p o r t i o n  of t h e  product  forms u t i l i z e d  f o r  damage t o l e r a n t  and 
f a t i g u e  r e s i s t a n t  des ign  a p p l i c a t i o n s .  For t h i s  reason ,  t h e  primary objec-  
t i v e s  of t h e  p re sen t  s tudy  are t o  explore  t h e  range of p rocess ing  cond i t ions  
and t o  determine t h e  r e s u l t a n t  mechanical and m e t a l l u r g i c a l  p r o p e r t i e s  of 
PM 2124 A 1  p l a t e  and s h e e t  materials. 
composi t ion i d e n t i f i e d  i n  r ecen t  a l l o y  development s t u d i e s  has  been employed 
t o  provide  a b a s e l i n e  f o r  p rope r ty  and mic ros t ruc tu re  comparisons. F l a t  
r o i l e d  inaterial c o n s i s t i n g  of 0.250 i n .  t h i c k  p l a t e  and 0.070 i n .  t h i c k  s h e e t  
has  been f a b r i c a t e d  us ing  s e l e c t e d  thermal mechanical t r ea tmen t s  (TMT). The 
schedule  of TMT ope ra t ions  has  been designed t o  y i e l d  t h e  extreme cond i t ions  
of g r a i n  s t r u c t u r e  normally encountered i n  t h e  f a b r i c a t i o n  of f l a t  r o l l e d  
The optimum PM 2124 A l - Z r  modified a l l o y  
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products ,  s p e c i f i c a l l y  r e c r y s t a l l i z e d  and u n r e c r y s t a l l i z e d .  The p r e s e n t  s t u d y  
behavior ,  and a l l o y  m i c r o s t r u c t u r e s  f o r  t h e s e  PM A 1  f l a t  r o l l e d  materials.  
. a d d r e s s e s  the r e l a t i o n s h i p s  between p r o c e s s i n g  c o n d i t i o n s ,  mechanical p r o p e r t y  . 
2. EXPERIMENTAL PROCEDURE I 
2.1 Material S e l e c t i o n  
The PM 2124 A 1  type  a l l o y  composition f o r  t h e  f l a t  r o l l e d  m a t e r i a l s  w a s  
s e l e c t e d  on t h e  b a s i s  of a l l o y  development s t u d i e s  conducted on previous  NASA- 
LaRC c o n t r a c t s .  , T h e  Al-Cu-Mg-Zr a l l o y  c o n t e n t  i n c l u d i n g  0.60 w t .  p c t .  Z r  
a d d i t i o n s  was designed t o  e l i m i n a t e  undissolved s o l u b l e  c o n s t i t u e n t s  and inco- 
h e r e n t  d i s p e r s o i d s .  
maximum Cu and Mg content  c o n s i s t e n t  w i t h  f u l l  d i s s o l u t i o n  a t  t h e  t e r n a r y  
e u t e c t i c  temperature of 946°F. L i t e r a t u r e  r e f e r e n c e s  sugges t  t h a t  a b a l a n c e  
of  Cu and Mg a l l o y i n g  c o n t e n t s  i n  t h e  r a t i o  of 2.2/1.0 are known t o  y i e l d  
s t o i c h i o m e t r i c  A1 CuMg o r  S phases .  The m e l t  composition w a s  a d j u s t e d  based 
on experience t o  account f o r  Mg l o s s e s  t o  o x i d a t i o n  d u r i n g  a tomiza t ion ,  and 
f o r  Cu and Mg losses t o  formation of A 1  Cu Fe and Mg S i  i n s o l u b l e  phases .  
P r e c i p i t a t i o n  o f  t h e  incoherent  d i s p e r s o i d ,  A l  Cu Mn , w a s  avoided by main- 
t a i n i n g  t h e  Mn content  lower t h a n  t h e  s o l i d  so1$bi?it% l i m i t  (approximately 
0.12 w t .  p c t . )  a t  t h e  vacuum p r e h e a t  and s o l u t i o n  h e a t  t rea tment  tempera tures .  
The i n t e r m e t a l l i c  compound A 1  Z r  r e p l a c e s  A120Cu2Mn3 as t h e  primary d i s p e r s o i d  
of exceeding t h e  e q u i l i b r i u m  s o l u b i l i t y  l i m i t  by a f a c t o r  of f i v e  on t h e  rela- 
t i v e  amounts of coherent ,  cubic  A 1 3 Z r  phases .  The i n t e r a c t i o n  of h o t  working 
c o n d i t i o n s  and t h e  r o l e  of A 1 3 Z r  phases  i n  i n f l u e n c i n g  t h e  c o n t r o l  of a l l o y  
m i c r o s t r u c t u r e s  w a s  eva lua ted  w i t h  r e s p e c t  t o  program o b j e c t i v e s .  The t a r g e t  
and a c t u a l  m e l t  compositions of  t h e  PM Al-Cu-Mg-Zr a l l o y ,  des igna ted  514163, 
are l i s t e d  i n  Table  2 a long  w i t h  t h e  a l l o y  composi t ions i n v e s t i g a t e d  i n  pre-  
v i o u s  NASA-LaRC funded r e s e a r c h  a c t i v i t i e s .  The Cu/Mg r a t i o  i n d i c a t e s  t h a t  
t h e  a c t u a l  powder c h e m i s t r i e s  are c l o s e  t o  t h e  r e q u i r e d  v a l u e  f o r  p r e c i p i t a t i o n  
hardened A12CuMg (S phase) a l l o y  systems. Compositions f o r  t h e  primary d i s p e r -  
s o i d  forming element ,  namely Z r ,  are judged t o  be w i t h i n  a c c e p t a b l e  l i m i t s .  
An I M  2124 A 1  a l l o y  c o n t a i n i n g  Z r  a d d i t i o n s ,  des igna ted  503315, w a s  inc luded  
from a p r i o r  s tudy  t o  f a c i l i t a t e  a d i r e c t  comparison of  t h e  IM and PI1 process-  
i n g  on p r o p e r t i e s  and m i c r o s t r u c t u r e s .  
, 
The e q u i l i b r i u m  s o l v u s  diagram w a s  used t o  select  t h e  
I 
2 
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p h x e .  A Z r  s o l u t e  l e v e l  of 8 .60 w t .  p c t .  w a s  s e l e c t e d  t o  determine t h e  e f f e c t  
The hot working s t r a t e g y  f o r  t h e  PM 2124 A l - Z r  modified a l l o y  i n v o l v e s  a 
modi f ica t ion  of t h e  b a s i c  2024 A 1  composition t o  a l low f o r  a d d i t i o n  of  sub- 
s t a n t i a l  amounts of  Z r  t o  m a i n t a i n  s e l e c t e d  g r a i n  s t r u c t u r e s .  
r a p i d  s o l i d i f i c a t i o n  p r o c e s s i n g  w i t h  powder meta l lurgy  methods ensures  t h a t  
t h e  r e l a t i v e l y  l a r g e  volume f r a c t i o n  of A 1  Z r  phases  are f i n e  and uniformly 
d i s t r i b u t e d  i n  t h e  a l l o y  m i c r o s t r u c t u r e .  
c a t e d  t h a t  the r a p i d  c o o l i n g  rates produce v e r y  f i n e  d e n d r i t e  a r m  s p a c i n g s ,  
The u s e  of  
Aecent work i n  t h i s  area has  i n d i -  
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Program Phase 
I 
I 
I 
1 
Sample 
No. 
513887 
51 3888 
513889 
51 3707 
513708 
51 3709 
Target 
Actual 
Target 
Actual 
Target 
Actual 
Target 
Actual 
Target 
Actual 
Target 
Actual 
514041 
514042 
50331 5 
514163 
3.80 0.07 
~~ 
Target 
Actual 
Target 
Actual 
Target 
Actual 
Target 
Actual 
4.00 1.60 - 
3.93 1.57 - 
4.00 1.60 - 
4.06 1.62 - 
Ill 
Ill 
Ill 
I V  
1 I 
5.50 0.35 - 
5.19 0.38 0.12 
3.50 1.65 0.20 
3.32 1.67 0.06 
3.50 1.65 0.20 
3.19 1.67 0.24 
3.70 1.85 - 
3.73 1.81 0.02 
3.67 1.84 0.03 
4.36 1.56 0.07 
3.70 1.95 - 
4.30 1.50 - 
3.70 1.95 - 
3.68 1.85 0.03 
and f i n e r  c o n s t i t u e n t  p a r t i c l e s  and inc lus ions  t h a t  do no t  reduce t h e  f r a c -  
t u r e  toughness as do c o a r s e r  d i s t r i b u t i o n s .  
p rope r ty  
behavior  has been s u b s t a n t i a t e d  i n  PM 2124Al-Zr modified extruded materials.  
Thermal mechanical t r ea tmen t s  on h igh  s t r e n g t h  A1 a l l o y s  have been e x t e n s i v e l y  
s t u d i e d  us ing  c o n t r o l l e d  r o l l i n g  p r a c t i c e s  where t h e  o b j e c t i v e  i s  t o  change 
t h e  g r a i n  s t r u c t u r e ,  s i z e ,  and shape.  The TMT v a r i a b l e s  u s u a l l y  c o n s i s t  of 
s o l u t i o n  hea t  t r ea tmen t ,  p reaging ,  deformation,  and f i n a l  aging.  I n  terms 
of t h e  p r e s e n t  e f f o r t ,  t h e s e  f i n d i n g s  fo rm a b a s i s  f o r  o b t a i n i n g  s y s t e m a t i c  
v a r i a t i o n s  i n  the  p r o p e r t i e s  and mic ros t ruc tu res  of  PM 2124 A1 f l a t  r o l l e d  
m a t e r i a l s .  R o l l i n g  s l a b  temperatures  and r educ t ion  schedules  have been 
explored i n  o r d e r  t o  o b t a i n  0.250 i n .  t h i c k  p l a t e  and 0.070 i n .  t h i c k  s h e e t  
w i t h  t h e  r equ i r ed  degree of  r e c r y s t a l l i z a t i o n ,  t e x t u r e ,  and g r a i n  s i z e .  
The r o l e  of A 1  Z r  i n  promoting a 
f i n e  g r a i n ,  u n r e c r y s t a l l i z e d  g r a i n  s t r u c t u r e  w i t h  s u p e r i o r  mechanical 3 
4 
2 . 2  M a t e r i a l  and Specimen P r e p a r a t i o n  
The PM 2124 A l - Z r  modified a l l o y  composition (514163) used i n  t h i s  f l a t  
r o l l e d  m a t e r i a l  s tudy  w a s  f a b r i c a t e d  from one l o t  of gas atomized powder. 
Approximately 300 pounds of i r r e g u l a r l y  shaped powder w a s  produced a t  t h e  
Alcoa Technical Center f o r  convers ion  i n t o  conso l ida t ed  b i l l e t s .  The atomiza- 
t i o n  and conso l ida t ion  schemes used t o  f a b r i c a t e  t h e  PM b i l l e t s  were i d e n t i c a l  
t o  those  employed i n  prev ious  i n v e s t i g a t i o n s .  S tock  material  f o r  p r e p a r a t i o n  
of f l a t  r o l l e d  p l a t e  and s h e e t  m a t e r i a l s  w a s  ob ta ined  by i so the rma l  f o r g i n g  . 
of t h e  consol ida ted  b i l l e t s .  A complete d e s c r i p t i o n  of t h e  PM process ing  s t e p s  
i s  given i n  t h i s  s e c t i o n .  F igure  1 shows t h e  a c t u a l  s i z e  d i s t r i b u t i o n  fram two 
samples of the atomized powder and t h e  average  p a r t i c l e  d iameter  (A.P.D.) 
determined by a F i s h e r  subs i eve  s i z e  ana lyze r .  ApDroximately 50 pe rcen t  of 
t h e  weight d i s t r i b u t i o n  of t h e  powders w a s  below 20-25 pm. These atomized 
powder c h a r a c t e r i s t i c s  and s o l i d i f i c a t i o n  ra tes  are t y p i c a l  of powder l o t s  used 
i n  p rev ious  PM 2XXX A 1  a l l o y  s t u d i e s .  
2.2.1 Atomization and conso l ida t ion . -  A d e s c r i p t i o n  of t h e  p e r t i n e n t  
powder c h a r a c t e r i s t i c s ,  c o n s o l i d a t i o n ,  and b i l l e t  f a b r i c a t i o n  c o n d i t i o n s  
used t o  produce t h e  PM 2124 A l - Z r  modified a l l o y  under e v a l u a t i o n  i n  t h e  c u r r e n t  
s tudy  a r e  l i s t e d  i n  Table  3.  A 400 pound pot  of t h e  r equ i r ed  m e l t  composition 
was a i r  atomized t o  recover  a t  least  300 pounds of f i n e ,  i r r e g u l a r  shaped 
powder w i t h  a t  l e a s t  85 pe rcen t  by weight s m a l l e r  t han  -325 mesh. The powder 
was screened  through a 100 mesh s i e v e  p r i o r  t o  co ld  i s o s t a t i c  p r e s s i n g .  Two 
110 pound cold compacts of t h e  a l l o y  composition, 7.4 i n .  d i a .  by 42.9 i n .  l ong ,  
were formed i n  a w e t  bag system by i s o s t a t i c a l l y  p r e s s i n g  t h e  powder a t  30 k s i  
t o  approximately 75 pe rcen t  of t h e  t h e o r e t i c a l  a l l o y  d e n s i t y .  The compacts 
were t r a n s f e r r e d  i n t o  a 3003 A1 c a n i s t e r ,  s e a l e d ,  and vacuum prehea ted  f o r  
approximately 1 hour a t  20-40 pm p r e s s u r e .  D i f f e r e n t i a l  scanning  c a l o r i m e t r y  
was used t o  i d e n t i f y  t h e  s o l v u s  and s o l i d u s  tempera tures .  The recommended 
c o n s o l i d a t i o n  cond i t ions  were s i m i l a r  t o  t h o s e  employed i n  the  p rev ious  s t u d y  
i n v o l v i n g  PM 2124 A l - Z r  modified a l l o y  e x t r u s i o n s .  Consequently,  t h e  ho t  
p r e s s i n g  temperature of 935°F was chosen from t h e s e  r e s u l t s  and t h e  Al-Cu-Mg 
phase diagram t o  avoid equ i l ib r ium mel t ing  a t  t h e  t e r n a r y  e u t e c t i c  of 946°F. 
Proper s e l e c t i o n  of t h e  vacuum prehea t  and hot  p r e s s i n g  tempera tures  ensu res  
bo th  e f f e c t i v e  degass ing  and homogenization of t h e  b i l l e t  compact. The t o t a l  
heat-up c y c l e  f o r  h o t  p r e s s i n g  took approximately seven t o  e i g h t  hours t o  
complete. A f t e r  t h e  evacuat ion  l i n e s  were s e a l e d ,  t h e  compacts were removed 
from t h e  furnace and ho t  pressed  a t  90 k s i  t o  f u l l  d e n s i t y .  The h o t  p re s sed  
PM b i l l e t  i s  28.2 i n .  long from 8 .4  i n .  d i a .  a t  t h e  t o p ,  t o  9.2 i n .  d i a .  a t  
t h e  bottom, i n  o r d e r  t o  f a c i l i t a t e  b i l l e t  e j e c t i o n  from t h e  ho t  p r e s s i n g  
c y l i n d e r .  The can m a t e r i a l  was removed by s c a l p i n g  t h e  b i l l e t  t o  6 .0  i n .  d i a .  
and c u t t i n g  1.0 i n .  from each end. Two 6.0 i n .  d i a .  by 26.0 i n .  long  PM 
b i l l e t  charges w e r e  subsequent ly  a v a i l a b l e  f o r  i so the rma l  f o r g i n g  i n t o  r o l l i n g  
s l a b s .  
10 
Figure 1. - Atomized powder s i z e  d i s t r i b u t i o n .  
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TABLE 3. - POWDER CHARACTERISTICS, CONSOLIDATION, AND 
BILLET FABRICATION CONDITIONS 
Sample 
No. 
5 14041 -1 
-2 
-3 
-4 
514042-1 
-2 
-3 
-4 
503315-1 
-2 
5141 63-1 
-2 
Powders 
A.P.D., 
urn 
13.5 
13.3 
NA (6) 
NA (6) 
13.5 
~ 
Billets (1) 
Vacuum 
Preheat (2) 
Temperature, 
( O F )  ' 
947 
947 
965 
965 
947 
947 
965 
965 
935 
935 
965 
965 
1) I )
Extrusion. Plate. and Sheet (3) 
Actual (4) 
Temperature, 
(OF) 
657 
634 
64 1 
640 
666 
666 
670 
667 
740 
745 
Notes: (1) Ingot pre-heated in air furnace. 
(2) Actual compaction temperature is approximately 30' F lower. 
(3) A constant ram speed of 1.3 in./min. and butt length of 1.5 in. 
were used for all alloys. 
(4) Temperature measured at rear of extrusion after butt was sheared off. 
(5) Target Value. 
(6) Not Applicable - Ingot. 
Solution 
Treatment 
Temperature, 
( O F )  
935 
935 
935 
935 
935 
935 
935 
935 
935 
935 
9 35 
935 
Stress (5) 
Relief 
% 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
and 
110 
514 
2 . 2  
170 i n .  t h i c k  s h e e t  materials w a s  produced by d i r e c t l y  f o r g i n g  t h e  two 
Plate and s h e e t  r o l l i n g . -  R o l l i n g  s t o c k  f o r  0.250 i n .  t h i c k  p l a t e  
PM b i l l e t s  i n t o  2.0 i n .  s l a b s  on open d i e s .  One PM b i l l e t ,  des igna ted  
The o t h e r  
163-1, was soaked f o r  fou r  hours a t  800°F and forged t o  f i n a l  t h i c k n e s s  i n  a 
30 minute time span ,  w i t h  a f i n i s h i n g  s u r f a c e  tempera ture  of 600°F. 
b i l l e t ,  des igna ted  514163-2, w a s  forged a t  a f a s t e r  s t r a i n  r a t e  i n  about 
15 minutes.  
fu rnace ,  and i ts  s t a r t i n g  tempera ture  had dropped t o  770°F due t o  opening t h e  
fu rnace  from t h e  previous  b i l l e t .  
590°F. 
514163-1 s l a b  had "wavy s i d e s "  a long  i t s  l e n g t h ,  wh i l e  t h e  l a t t e r  s l a b  was 
reasonably  s t r a i g h t .  The f i n a l  dimensions of bo th  s l a b s  was 2.0 i n .  t h i ck -  
nes s  by 11.0 i n .  wid th  by 36.0 i n .  l eng th .  
equa l  s i z e d  pieces f o r  t h e  i n i t i a l  r o l l i n g  a c t i v i t y  (approximately 2.0 i n .  
t h i c k n e s s  by 5.0 i n .  wid th  by 18.0 i n .  l e n g t h ) ,  and l a b e l e d  as 514163-1AY 
-1B,  -1C ,  and - l D .  
supplement the c u r r e n t  work. 
The l a t t e r  s l a b  a l s o  had a 40 minute longe r  soak i n  t h e  ho ld ing  
The f i n i s h i n g  tempera ture  w a s  measured a t  
The only d i f f e r e n c e  i n  v i s u a l  appearance of  t h e  two s l a b s  was t h a t  t h e  
The 514163-1 s l a b  was c u t  i n t o  fou r  
The remaining 514163-2 s l a b  was he ld  as back-up material t o  
1 2  
2 .  
0.0 
l b .  
The p l a t e  r o l l i n g  s t r a t e g y  w a s  designed t o  provide  two v a r i a n t s  repre-  
s e n t a t i v e  of t h e  extreme d i f f e r e n c e s  encountered i n  r o l l e d  p l a t e  micros t ruc-  
t u r e s ,  namely: (1) s chedu le  A - f u l l y  r e c r y s t a l l i z e d  g r a i n  s t r u c t u r e  w i t h  a 
random t e x t u r e ,  and (2)  s chedu le  B - u n r e c r y s t a l l i z e d  g r a i n  s t r u c t u r e  s i m i l a r  
t o  PM 2124 A1 e x t r u s i o n s  w i t h  a t h i c k  r e c r y s t a l l i z e d  s u r f a c e  l a y e r .  The PM 
forged  s l a b s ,  514163-18 and 514163-1BY were r o l l e d  accord ing  t o  t h e  fo l lowing  
schedu les  t o  o b t a i n  t h e  r equ i r ed  mecros t ruc tu res .  The 514163-1A s l a b  was 
preaged a t  750°F f o r  1 2  hours and a i r  cooled t o  room tempera ture .  Subsequently,  
i t  w a s  re-heated t o  550°F and w a r m  r o l l e d  t o  0.250 i n .  t h i c k n e s s .  At 0.600 i n .  
t h i c k n e s s  t h e  tempera ture  of t h e  r o l l i n g  s l a b  had dropped t o  about 450"F, and 
s e v e r e  edge c rack ing  w a s  encountered i n  t h e  rear 20.0 i n .  of t h e  46.0 i n .  
p i e c e .  
r o l l i n g  continued t o  completion. The f i n i s h i n g  tempera ture  a t  0.250 i n .  t h i ck -  
n e s s  was approximately 430°F. A t o t a l  of seven r o l l i n g  p a s s e s  w e r e  used t o  
f a b r i c a t e  t h e  p l a t e s  i n  accordance wi th  schedu le  A. The 514163-1B s l a b  w a s  
hea ted  t o  920°F and soaked f o r  approximately 1.75 hours.  
the fu rnace  and allowed t o  coo l  t o  approximately 875"F, where i t  w a s  subse- 
quen t ly  h o t  r o l l e d  t o  0.237 i n .  th ickness  i n  f i v e  pas ses .  The r o l l i n g  s l a b  
w a s  r ehea ted  a t  0.600 i n .  t h i ckness  when t h e  s l a b  tempera ture  had f a l l e n  t o  
about 750°F. The r o l l i n g  cond i t ions  are c o n s i s t e n t  w i t h  f a b r i c a t i o n  of p l a t e s  
accord ing  t o  schedu le  B. 
The r o l l e d  p l a t e  w a s  c u t  t o  26.0 i n .  and re-heated t o  515"F, w i t h  w a r m  
It w a s  removed from 
The s t r a t e g y  f o r  s h e e t  r o l l i n g  was developed t o  produce s i m i l a r  d i f f e r -  
ences i n  s h e e t  m i c r o s t r u c t u r e s  (schedules A and B) by warm and hot  r o l l i n g  
p r a c t i c e s .  The t h i r d  s e c t i o n  of t h e  o r i g i n a l  r o l l i n g  s l a b ,  514163-16, w a s  ho t  
r o l l e d  t o  1.0 i n .  t h i c k n e s s  by t h e  same p r a c t i c e s  used on s l a b  514163-1B. 
The 1.0 i n .  PM s l a b  w a s  subsequent ly  cooled t o  room tempera ture ,  and c u t  i n t o  
two e q u a l l y  s i z e d  s l a b s  f o r  p r e p a r a t i o n  of s h e e t  m a t e r i a l s .  The 514163-CC 
s l a b  w a s  warm r o l l e d  t o  s h e e t  gage th i cknesses .  It w a s  i n i t i a l l y  re-heated t o  
750°F and soaked f o r  1 2  h r .  The s l a b  was t h e n  r ehea ted  t o  550°F and w a r m  r o l l e d  
t o  0.070 in. t h i ckness .  I n  a similar manner, t h e  514163-CH s l a b  was hot  r o l l e d  
t o  s h e e t  gage th i cknesses .  The s l a b  was r ehea ted  t o  875°F and ho t  r o l l e d  t o  
0.070 i n .  t h i ckness  us ing  l a r g e  r educ t ions  p e r  p a s s .  
2.2.3 Heat t rea tment . -  The f l a t  r o l l e d  p l a t e  and s h e e t  materials r ece ived  t h e  
s a m e  s o l u t i o n  h e a t  t r ea tmen t  p r a c t i c e  a s  employed i n  t h e  ex t ruded  b a r ,  ho ld  a t  
a tempera ture  of 935°F f o r  one hour ,  followed by an immediate quench i n  co ld  
water. Both p l a t e  and s h e e t  forms were s t r e t c h e d  i n  t h e  range of 1.75-2.25 
pe rcen t  immediately a f t e r  quenching t o  ensure  stress r e l i e f .  An ag ing  s tudy  
w a s  performed on t h e  two v a r i a n t s  involv ing  warm and hot r o l l e d  p l a t e .  Small 
samples of t h e  p l a t e s  were prepared ,  and Vickers  hardening  response  as a func- 
t i o n  of ag ing  t i m e  w e r e  ob ta ined  f o r  aging tempera tures  between 325" and 425°F. 
2.2.4 M i c r o s t r u c t u r a l  examination.- Meta l lographic  specimens f o r  o p t i c a l  
microscopy, x-ray m a l y s i s ,  and t r a n s ~ i s s i o n  e l e c t r o n  micrcscopy (TEM) were 
c u t  from t h e  mid-length of t h e  r o l l e d  p l a t e s  a t  t h e  T / 2 ,  W/4 l o c a t i o n s .  
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Standard p o l i s h i n g  procedures and Keller 's  r eagen t  w e r e  used t o  r e v e a l  t h e  
g r a i n  and sub-grain s t r u c t u r e s .  Transmission x-ray p i n h o l e  Laue p a t t e r n s  
and p o l e  f i g u r e s  were employed t o  i d e n t i f y  i n t e r m e t a l l i c  phases .  TEM was 
used t o  provide s t r u c t u r a l  in format ion  on t h e  m i c r o s t r u c t u r a l  f e a t u r e s  t h a t  
w e r e  unresolved by o p t i c a l  metallography and t o  i d e n t i f y  t h e  c r y s t a l  s t r u c t u r e ,  
morphology, and s i z e  of A1  Z r  phases.  3 
Crys t a l log raph ic  t e x t u r e  measurements w e r e  ob ta ined  from chemica l ly  
th inned  wafers r e p r e s e n t i n g  t h e  LT o r i e n t a t i o n .  I n t e n s i t y  measurements from 
(111) d i f f r a c t i o n  w e r e  cont inuous ly  c o l l e c t e d  between 0 and 60 degrees  i n c l i n a -  
t i o n  t o  t h e  specimen normal i n  5 degree  increments ,  w i t h  t h e  sample r o t a t e d  
over  360 degrees by 2 degree  s t e p s .  
by a computer s u b r o u t i n e  f o r  a d s o r p t i o n  b e f o r e  comparison t o  t h e  i n t e n s i t y  of a 
randomly t ex tu red  A1 s t a n d a r d .  P o l e  f i g u r e s  w e r e  a u t o m a t i c a l l y  p l o t t e d  u s i n g  
i n t e n s i t y  contours a t  0.75, 1.25, 2.0, 3.0,  and 4.0 t i m e s  random. The m a x i m u m  
i n t e n s i t y  w i t h i n  t h e  p o l e  f i g u r e  is  obta ined  by d i v i d i n g  any random i n t e n s i t y  
by t h e  corresponding percentage  provided on t h e  p l o t .  
The r a w  d a t a  w e r e  a u t o m a t i c a l l y  c o r r e c t e d  
Informat ion  on t h e  c r y s t a l l o g r a p h i c  s t r u c t u r e  of  t h e  A13Zr  phases was 
determined by s e l e c t e d  area d i f f r a c t i o n  (SAD) and a p e r t u r e  l i m i t e d  microdi f -  
f r a c t i o n .  The compound A1 Z r  i s  known t o  ex is t  i n  e i t h e r  t h e  c u b i c  L1 o r  
t e t r a g o n a l  DO 
and i s  i d e n t i ? i e d  by t h e  presence  of s u p e r l a t t i c e  s p o t s  i n  t h e  SAD p a t t e r n s .  
The t e t r a g o n a l ,  i ncohe ren t  DO s t r u c t u r e  i s  i d e n t i f i e d  by o b t a i n i n g  two 
m i c r o d i f f r a c t i o n  p a t t e r n s  w i t i 3 d i f f e r e n t  zone axes .  
zone axes was determined from t h e  specimen s t a g e  r o t a t i o n  and tilt by measure- 
ment of t h e  r e s u l t a n t  a n g l e  on a Wolff n e t .  The d spac ings  and i n t e r p l a n a r  
ang le s  f o r  the  t e t r a g o n a l  A1 Z r  phase were c a l c u l a t e d  u s i n g  a s t anda rd  com- 
p u t e r  program, and t h e  a p p r o p r i a t e  a and c v a l u e s .  
~ t r u c t u r e . ~  The cub ic  L1 3 2 s t r u c t u r e  i s  coherent  w i t h  t6e m a t r i x  
The ang le  between t h e  
3 
0 0 
2.2.5 Mechanical t e s t i n g  d e t a i l s . -  The mechanical t e s t i n g  o b j e c t i v e  of  t h e  
c u r r e n t  i n v e s t i g a t i o n  i s  t o  de te rmine  t h e  peak a r t i f i c i a l  ag ing  pract ice  f o r  
t h e  PM 2124 A l - Z r  modified a l l o y  p l a t e  and s h e e t  m a t e r i a l s .  
i n d i c a t i o n s  fo r  t h e s e  PM A1 a l l o y  products  were a l s o  determined i n  t h e  n a t u r a l  
and peak aged t e m p e r s ,  and compared t o  I M  2124 A1 a l l o y  p r o p e r t i e s .  The 
t e n s i l e  and toughness specimens w e r e  machined i n  accordance w i t h  ASTM s t a n d a r d s .  
T e n s i l e  p r o p e r t i e s  w e r e  ob ta ined  f o r  t h e  p l a t e  and s h e e t  m a t e r i a l s  i n  b o t h  
t h e  l o n g i t u d i n a l  and t r a n s v e r s e  d i r e c t i o n s .  Standard p l a t e  and s h e e t  t ype  
specimens were used accord ing  t o  p r a c t i c e s  e s t a b l i s h e d  a t  t h e  Alcoa Technica l  
Center.  A measure of f r a c t u r e  toughness f o r  t h e  p l a t e  materials i n  t h e  L-T 
and T-L o r i e n t a t i o n s  as a f u n c t i o n  of ag ing  t i m e  w a s  ob ta ined  u s i n g  t h e  pre-  
cracked Charpy test specimen. The toughness numbers w e r e  c a l c u l a t e d  by t h e  
e m p i r i c a l  formula. 
F r a c t u r e  toughness 
1% K = [ E  * (W/A)/2 * (1-11) 
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accord ing  t o  p r a c t i c e s  found t o  be  s u i t a b l e  f o r  A 1  a l l o y  products .  These 
Charpy toughness d a t a  were used p r imar i ly  as an  inexpens ive  sc reen ing  t o o l .  
Values of  Charpy toughness i n  excess  of about  25 t o  30 k s i  
c a n t l y  o v e r e s t i m a t e  t r u e  p l ane  s t r a i n  f a c t u r e  toughness va lues .  The rec-  
t a n g u l a r  c r o s s  s e c t i o n  of t h e  Charpy specimen i s  normally 0.394 i n c h  square .  
Due t o  t h e  smaller f l a t  r o l l e d  m a t e r i a l  gage, t h e  t h i c k n e s s  dimension of t h e  
specimen w a s  reduced t o  0.235 in. The specimen span  was maintained a t  1.55 i n .  
Dup l i ca t e  specimens w e r e  used i n  most of t h e  p l a t e  m a t e r i a l  tests. The tough- 
nes s  of t h e  s h e e t  materials as a func t ion  of ag ing  t i m e  w a s  eva lua ted  i n  t h e  
L-T and T-L o r i e n t a t i o n s  us ing  t h e  Kahn tear tes t  specimen. Analysis of t h e  
test  r e s u l t s  provide  two i n d i c a t i o n s  of f r a c t u r e  r e s i s t a n c e  f o r  s h e e t  m a t e r i a l s ,  
namely tear s t r e n g t h  and u n i t  propagation energy. Dupl ica te  specimens were 
a l s o  used i n  most of t h e  s h e e t  m a t e r i a l  tests. 
s i g n i f i -  
3. RESULTS AND ANALYSIS 
3.1 Hardness Study 
An i s o t h e r m a l  ag ing  s tudy  w a s  conducted on both  t h e  w a r m  r o l l e d  and ho t  
r o l l e d  c o n d i t i o n s  of t h e  0.250 i n .  p l a t e .  Age hardening response  was d e t e r -  
mined by fo l lowing  Vickers hardness as a f u n c t i o n  of t i m e  a t  ag ing  tempera- 
t u r e s  between 325" and 425"F, w i t h  25°F increments.  T i m e s  were s e l e c t e d  
between 0 . 5  and 100 hours i n  o r d e r  t o  i d e n t i f y  t h e  k i n e t i c s  of p r e c i p i t a t i o n  
r e a c t i o n s .  The average d a t a  are presented i n  Table 4 w i t h  t y p i c a l  g r a p h i c a l  
r e p r e s e n t a t i o n s  of t h e  response curves  i n  F igures  2 and 3. Both PM p l a t e  
c o n d i t i o n s  d i sp layed  s i m i l a r  ag ing  responses over t h e  t ime-temperature ranges  
examined. The h o t  r o l l e d  p l a t e  shows a c o n s i s t e n t  age hardening response ,  
w i t h  peak hardness  l e v e l s  occur r ing  a t  350" and 375°F. In  comparison, t h e  
ag ing  behavior  of t h e  warm r o l l e d  p l a t e  i s  more ambiguous, s i n c e  a m a x i m u m  
hardness  w a s  observed on ly  a t  375°F. The 350°F ag ing  response  w a s  no t  as 
s t r o n g  as observed i n  t h e  ho t  r o l l e d  p l a t e  v a r i a n t .  Maximum hardness  w a s  
observed t o  occur  a t  bo th  350" and 375°F f o r  approximately 16 hours and 4 
hours ,  r e s p e c t i v e l y .  A t  t empera tures  of 375°F and below, t h e  hardening response  
of t h e  warm r o l l e d  cond i t ion  lagged t h a t  of  t h e  ho t  r o l l e d  p l a t e .  For ag ing  
t i m e s  a f t e r  peak hardening  a t  350" and 375"F, t h e  w a r m  r o l l e d  p rocess ing  v a r i a n t  
main ta ined  a h ighe r  hardness  l e v e l  than t h e  hot  r o l l e d  cond i t ion .  The age 
hardening  s t u d y  demonstrated t h a t  peak s t r e n g t h  tempers can be obta ined  f o r  
t h e  two r o l l i n g  v a r i a n t s  a t  e i t h e r  350" o r  375°F w i t h i n  reasonable ag ing  t i m e s .  
On t h e  b a s i s  of t h e  ag ing  r e s u l t s  it was decided t h a t  t h e  two tempera tures  of 
350" and 375°F would be used t o  eva lua te  t h e  s t r e n g t h  - toughness r e l a t i o n -  
s h i p s  i n  t h e  PM 2124 A1 p l a t e  materials. Age hardening w a s  a l s o  observed t o  
occur  a t  325°F t o  t h e  approximate levels ob ta ined  f o r  the h ighe r  tempera tures ,  
bu t  w i t h  s i g n i f i c a n t l y  longer  aging times. 
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TABLE 4 .  - VICKERS HARDNESS DATA ON ROLLED PLATE VARIANTS 
Hot Rolled Condition (514163-1). v; = 144 
Aging Time (hr.) Aging Temperature (OF)  
0.5 
1 
2 
4 
8 
12 
16 
32 
100 
325 350 
142 140 
144 142 
149 140 
144 145 
148 143 
142 140 
147 144 
149 143 
140 131 
375 400 425 
133 
141 
151 
148 
140 
141 
128 
123 
116 
138 
141 
144 
140 
135 
124 
127 
118 
106 
143 
132 
130 
129 
119 
115 
111 
100 
90 
Warm Rolled Condition (514163-11, V i  = 142 
0.5 
1 
2 
4 
8 
12 
16 
32 
' 100 
325 
134 
133 
135 
137 
131 
143 
144 
150 
150 
350 
127 
133 
141 
141 
137 
151 
154 
148 
141 
375 
125 
128 . 
141 
151 
147 
146 
142 
134 
119 
400 
127 
142 
147 
141 
131 
131 
131 
116 
100 
425 
148 
144 
140 
134 
126 
111 
114 
99 
94 
I Note: Vickers Hardness Number with 5 gram Applied Load, Average of Three Readings 
3.2 T e n s i l e  P r o p e r t i e s  
The i n i t i a l  r o l l i n g  experiments on t h e  PM 2124 A l - Z r  modified a l l o y  were 
e f f e c t i v e  i n  f a b r i c a t i n g  p l a t e  and s h e e t  m a t e r i a l s  r e p r e s e n t a t i v e  of sched- 
u l e s  A and B. Aging s t u d i e s  w e r e  conducted on t h e  warm and hot  r o l l e d  condi- 
t i o n s  of both t h e  0.250 i n .  p l a t e  and 0.070 i n .  s h e e t .  The age hardening  
behavior was determined by a combination of  Vickers ha rdness ,  t e n s i l e  t e s t i n g ,  
and toughness i n d i c a t i o n s  f o r  t h e  ag ing  tempera tures  of 350" and 375°F. 
T i m e s  w e r e  s e l e c t e d  between 1 and 32 hours based on t h e  r e s u l t s  of t h e  hard- 
nes s  survey .  The t e n s i l e  p r o p e r t i e s  ob ta ined  f o r  t h e  PM p l a t e  and s h e e t  
v a r i a n t s  a r e  given i n  t h e  fo l lowing  two sub- sec t ions .  
3.2.1 Tens i l e  p r o p e r t i e s  of p l a t e  v a r i a n t s . -  The two p rocess ing  v a r i a n t s  
i n v o l v i n g  0.250 i n .  t h i c k  p l a t e  w e r e  eva lua ted  on t h e  b a s i s  of t e n s i l e  pro- 
p e r t i e s .  Tens i le  t e s t i n g  was performed i n  t h e  l o n g i t u d i n a l  (L)  and t r a n s v e r s e  
(T) d i r e c t i o n s  as a f u n c t i o n  of i so the rma l  ag ing  a t  350" and 375°F. The 
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Figure  2. - Hardness response of hot r o l l e d  p la te .  
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t e n s i l e  p r o p e r t i e s  c o n s i s t i n g  of y i e l d  s t r e n g t h ,  t e n s i l e  s t r e n g t h ,  and elonga- 
t i o n  are given i n  Tables 5 and 6 f o r  the warm r o l l e d  p l a t e  and hot  r o l l e d  p l a t e  
v a r i a n t s ,  r e s p e c t i v e l y .  F igure  4 shows the l o n g i t u d i n a l  y i e l d  s t r e n g t h  of t h e  
two PM p l a t e  c o n d i t i o n s  as a f u n c t i o n  of ag ing  a t  350" and 375"F, w h i l e  Fig- 
u r e  5 d i s p l a y s  a s i m i l a r  p l o t  f o r  t e n s i l e  s t r e n g t h  r e s u l t s .  Both p rocess ing  
v a r i a n t s  e x h i b i t e d  s i m i l a r  ag ing  behavior over  t h e  t ime-temperature range 
examined, p a r t i c u l a r l y  w i t h  r e s p e c t  t o  y i e l d  s t r e n g t h  l e v e l s .  Peak y i e l d  
s t r e n g t h s  a t  350" and 375°F were reached a f t e r  16 and 4 hours ,  r e s p e c t i v e l y ,  
f o r  bo th  p rocess ing  v a r i a n t s .  The y i e l d  s t r e n g t h  peak a t  t h e  lower tempera- 
t u r e  i s  q u i t e  broad, ex tending  from approximately 12  t o  32 hours.  It i s  
observed t h a t  equ iva len t  l o n g i t u d i n a l  peak s t r e n g t h s  a r e  obta ined  on ag ing  a t  
t h e  two tempera tures ,  however t h e  hot  r o l l e d  p l a t e  mater ia l  c o n s i s t e n t l y  
developed t h e  h ighes t  peak aged y i e l d  s t r e n g t h  p r o p e r t i e s .  The ho t  r o l l e d  
p r o c e s s i n g  v a r i a n t  had a peak y i e l d  s t r e n g t h  of 65.4 k s i  on ag ing  a t  350"F, 
w h i l e  t h a t  of t h e  w a r m  r o l l e d  process ing  c o n d i t i o n  was 63.5 k s i .  These 
t e n s i l e  r e s u l t s  g e n e r a l l y  agree  w i t h  the  ag ing  response  t r e n d s  observed i n  t h e  
hardness  s tudy .  With t h e  except ion  of t h e  ho t  r o l l e d  p l a t e  aged a t  375"F, 
t h e  t e n s i l e  s t r e n g t h  l e v e l s  monotonically decreased  on i so the rma l  ag ing  a t  
bo th  tempera tures .  T e n s i l e  s t r e n g t h s  were e s s e n t i a l l y  i d e n t i c a l  between t h e  
hot  r o l l e d  and warm r o l l e d  p rocess ing  v a r i a n t s  a t  350"F, w i t h  va lues  of 69.9 
and 69.7 k s i ,  r e s p e c t i v e l y .  Thus, t h e r e  were no s i g n i f i c a n t  d i f f e r e n c e s  i n  
peak aged t e n s i l e  s t r e n g t h  p r o p e r t i e s  as a f u n c t i o n  of e i t h e r  p rocess ing  
v a r i a n t  o r  ag ing  tempera ture .  F igures  6 and 7 show t h e  age hardening behavior  
of t h e  two p rocess ing  cond i t ions  a t  each ag ing  tempera ture  i n  the  t r a n s v e r s e  
d i r e c t i o n .  I n  c o n t r a s t  t o  t h e  previous r e s u l t s ,  t h e  w a r m  r o l l e d  p l a t e  v a r i a n t  
e x h i b i t e d  h ighe r  y i e l d  and t e n s i l e  s t r e n g t h  p r o p e r t i e s  t h a n  t h e  h o t  r o l l e d  
p rocess ing  cond i t ion  on ag ing  a t  350" and 375°F. The t r a n s v e r s e  t e n s i l e  
s t r e n g t h s  w e r e  observed t o  undergo a s teady  d e c l i n e  w i t h  ag ing  t i m e ,  as 
noted w i t h  t h e  l o n g i t u d i n a l  t e n s i l e  p r o p e r t i e s .  It appears  t h a t  t h e  lower 
ag ing  tempera ture  of 350°F o f f e r s  a s l i g h t l y  b e t t e r  ag ing  response  w i t h  
r e s p e c t  t o  t r a n s v e r s e  t e n s i l e  p rope r ty  behavior .  
3.2.2 T e n s i l e  p r o p e r t i e s  of shee t  v a r i a n t s . -  The two p rocess ing  v a r i a n t s  
i n v o l v i n g  0.070 i n .  t h i c k  s h e e t  were eva lua ted  i n  a s i m i l a r  manner t o  t h e  
p l a t e  m a t e r i a l s  f o r  t e n s i l e  p rope r ty  behavior.  T e n s i l e  t e s t i n g  was conducted 
i n  t h e  l o n g i t u d i n a l  (L) and t r a n s v e r s e  (T) d i r e c t i o n s  as a f u n c t i o n  of i so -  
thermal  ag ing  a t  350" and 375°F. The t e n s i l e  p r o p e r t i e s  c o n s i s t i n g  of y i e l d  
s t r e n g t h ,  t e n s i l e  s t r e n g t h ,  and e longa t ion  a r e  given i n  Tables 7 and 8 f o r  
t h e  warm r o l l e d  s h e e t  and hot  r o l l e d  s h e e t  materials,  r e s p e c t i v e l y .  F igure  8 
shows t h e  l o n g i t u d i n a l  y i e l d  s t e n g t h  of t h e  two PM s h e e t  cond i t ions  as a 
f u n c t i o n  of ag ing  a t  350" and 375"F, w h i l e  F igure  9 d i s p l a y s  a s i m i l a r  p l o t  
f o r  t e n s i l e  s t r e n g t h  r e s u l t s .  The PM shee t  v a r i a n t s  e x h i b i t e d  a markedly 
s imi l a r  behavior  on ag ing  t o  t h a t  observed f o r  t h e  r o l l e d  p l a t e  materials. 
Peak s t r e n g t h  of bo th  p rocess ing  v a r i a n t s  w a s  reached a t  t h e  same aging  t i m e  
as t h e  p l a t e ,  approximately 16 hours a t  350"F, however, t h e  s t r e n g t h  l e v e l s  
appear t o  develop s l i g h t l y  more slowly from t h e  i n i t i a l  n a t u r z l l y  aged temper 
t h a n  i n  t h e  p l a t e .  The r e s u l t s  of aging t h e  ho t  r o l l e d  v a r i a n t  a t  375°F 
19 
TABLE 5a. - TENSILE PROPERTIES OF 0.250 I N .  THICK W A R M  ROLLED PLATE 
Warm Rolled Plate (514163-161, Aged at 35OoF 
Aging 
History 
Longitudinal 
0 hours* 
average 
4 
8* 
average 
16 (peak)* 
average 
32" 
average 
Long transverse 
-
-
-
(61.9) 
(58.8) 
(60.4) 
(57.8) 
(61.3) 
(61.2) 
(61.3) 
(66.0) 
(64.8) 
(65.4) 
(63.8) 
(62.1) 
(63.0) 
-
-
-
-
0 hours* 
average 
4 
8 
16" 
average 
32 
(53.5) 
(52.5) 
(53.0) 
(54.6) 
(58.0) 
(63.51 
(62.8) 
(63.2) 
(62.0) 
-
~ 
*Duplicate Tests 
TABLE 5b. - TENSILE PROPERTIES OF 0.250 I N .  THICK WARM ROLLED PLATE 
Ftu 
(ksi) - 
(74.6) 
(71.6) 
(73.1) 
(69.2) 
(68.7) 
(68.9) 
(68.8) 
(70.3) 
(69.1 1 
(69.7) 
(69.4) 
(68.4) 
(68.9) 
-
-
-
(70.2) 
(69.6) 
(69.9) 
(68.1) 
(67.7) 
(68.5) 
(67.9) 
(68.2) 
(67.4) 
-
e 
(pct.) -
16 
16 
16 
17 
16 
15 
16 
15 
14 
15 
15 
14 
15 
- 
- 
- 
-
18 
21 
20 
15 
18 
15 
15 
15 
14 
-
-
Warm Rolled Plate (514163-16), Aged at 375OF 
Aging FtY 
History (ksi) - -
Longitudinal 
1 
2" 
average 
4 (peak)* 
average 
8 (peak) 
16 
*Duplicate Tests 
(57.0) 
(58.9) 
(59.7) 
(59.3) 
(65.8) 
(64.2) 
(65.0) 
(65.4) 
(60.7) 
-
-
Ftu 
(ksi) - 
(68.6) 
(67.7) 
(68.7) 
(68.2) 
(70.6) 
(68.9) 
(69.8) 
(70.3) 
(67.9) 
-
-
e 
(pct.) -
17 
16 
16 
16 
14 
14 
14 
14 
14 
- 
-
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TABLE 5b. - TENSILE PROPERTIES OF 0.250 I N .  T H I C K  WARM ROLLED PLATE (Continued) 
Warm Rolled Plate (514163-18). Aged a t  375OF I 
Aging 
History 
Long transverse 
1 hour 
2" 
average 
4* 
average 
8 
16 
*Duplicate Tests 
(53.4) 
(56.1) 
(56.6) 
(56.4) 
(63.2) 
(60.2) 
(61.7) 
(62.6) 
(59.8) 
-
Ftu 
(ksi) - 
(67.3) 
(66.6) 
(67.2) 
(66.9) 
(68.6) 
(67.3) 
(68.0) 
(66.3) 
(66.3) 
-
-
e 
(pct.) -
22 
18 
20 
19 
15 
16 
16 
15 
14 
-
- 
showed a slower response  a l s o ,  reaching  a l o n g i t u d i n a l  peak s t r e n g t h  a f t e r  
8 hours ag ing  t i m e .  The ho t  r o l l e d  process ing  v a r i a n t  e x h i b i t e d  a b e t t e r  
k i n e t i c  response  w i t h  less over-aging a t  350"F, bu t  bo th  p rocess ing  cond i t ions  
r e s u l t e d  i n  approximately t h e  same peak s t r e n g t h  l e v e l s .  A 2.0  - 3.0 k s i  
s t r e n g t h  improvement is obta ined  by peak ag ing  a t  t h e  lower tempera ture  of 
350°F i n  both  PM s h e e t  p rocess ing  v a r i a n t s .  
produced a b e t t e r  t e n s i l e  s t r e n g t h  response,  as noted i n  F igure  9. Fig- 
u re s  10 and 11 show t h e  age hardening  behavior  i n  t h e  t r a n s v e r s e  d i r e c t i o n  
f o r  t h e  two s h e e t  p rocess ing  condi t ions  a t  each  ag ing  tempera ture .  The 
t r a n s v e r s e  y i e l d  s t r e n g t h  s t i l l  shows a hardening  c o n t r i b u t i o n  a f t e r  t h e  
longes t  ag ing  t i m e  of 32 hours a t  t h e  lower tempera ture  of 350°F. The ho t  
r o l l e d  s h e e t  v a r i a n t  e x h i b i t e d  h ighe r  t r a n s v e r s e  y i e l d  and t e n s i l e  s t r e n g t h  
l e v e l s  by up t o  6.0 k s i  when compared t o  t h e  w a r m  r o l l e d  c o n d i t i o n .  Both 
t r a n s v e r s e  y i e l d  and t e n s i l e  s t r e n g t h s  showed e s s e n t i a l l y  e q u i v a l e n t  peak aged 
l e v e l s  f o r  t h e  two d i f f e r e n t  ag ing  tempera tures .  It is  f u r t h e r  observed t h a t  
t h e  r o l l e d  s h e e t  v a r i a n t s  d i sp l ayed  a d i s t i n c t l y  lower n a t u r a l l y  aged s t r e n g t h ,  
t he reby  emphasizing t h e  inc reased  p r e c i p i t a t i o n  hardening  a s s o c i a t e d  w i t h  t h e  
PM s h e e t  m a t e r i a l s .  Contrary t o  observa t ions  on t h e  p l a t e  materials, t h e  
s h e e t  v a r i a n t s  showed s i g n i f i c a n t  hardening c o n t r i b u t i o n s  i n  bo th  y i e l d  and 
t e n s i l e  s t r e n g t h  l e v e l s  on i so the rma l  aging. It i s  a l s o  noted t h a t  t h e  
t r a n s v e r s e  y i e l d  and t e n s i l e  s t r e n g t h s  of t h e  s h e e t  v a r i a n t s  exceed those  
ob ta ined  f o r  t h e  l o n g i t u d i n a l  d i r e c t i o n .  These d i f f e r e n c e s  i n  hardening 
response  and o r i e n t a t i o n  are probably due t o  v a r i a t i o n s  i n  the  g r a i n  s t r u c t u r e  
of t h e  r o l l e d  p l a t e  and s h e e t  m a t e r i a l s .  
The ho t  r o l l e d  s h e e t  m a t e r i a l  a l s o  
i 
TABLE 6a. - TENSILE PROPERTIES OF 0.250 I N .  THICK HOT ROLLED PLATE 
Hot Rolled Plate (514163-lA), Aged at 350°F 
Aging Ftv 
(ksi) - History -
Longitudinal 
0 hours* 
average 
4 
8 
average 
16 (peak)" 
average 
32 
average 
Long transverse 
0 hours* 
average 
4 
8 
16" 
aver age 
32 
*Dudicate Tests 
-
(61.2) 
(58.5) 
(59.9) 
(60.1) 
(62.5) 
(61.6) 
(62.5) 
(62.5) 
(63.9) 
(63.5) 
(62.7) 
(62.7) 
(62.7) 
(57.4) 
(57.3) 
(57.4) 
(58.5) 
(60.9) 
(64.3) 
(64.6) 
(64.5) 
(61.6) 
-
-
-
-
-
-
Ftu 
(ksi) - 
(74.3) 
(70.7) 
(72.5) 
(71.7) 
(70.9) 
(70.2) 
(70.6) 
(68.7) 
(70.5) 
(69.9) 
(69.1) 
(68.9) 
-
(69.0) 
(72.1) 
(71.8) 
(72.0) 
(69.2) 
(68.6) 
(68.3) 
(68.4) 
(68.4) 
(66.4) 
-
-
e 
(pct.) -
17 
17 
17 
17 
14 
13 
14 
12 
12 
12 
13 
12 
13 
-
- 
-
-
20 
19 
20 
19 
16 
13 
13 
13 
12 
-
-
TABLE 6b. - TENSILE PROPERTIES OF 0.250 I N .  THICK HOT ROLLED PLATE 
Hot Rolled Plate (514163-lA), Aged at 375OF 
Aging Ftv Ft" e 
History (pct.) -(ksi) -(ksi) - 
1" (58.2) (71.1) 18 
(59.4) (72.1) 17 
18 (58.8) (71.6) average 
2" (61.7) (7 1.4) 15 
(59.9) (70.1) 16 
16 average - (60.8) (70.8) -
4 (peak)* (62.5) (69.4) 11 
(63.6) (69.9) 13 
12 - (63.0) - (69.6) -average 
8* (62.8) (69.1) 12 
(62.2) (68.6) 12 
12 average (62.5) (68.8) -
- - -
*Duplicate Tests 
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TABLE 6b. - TENSILE PROPERTIES OF 0.250 I N .  THICK HOT ROLLED PLATE (Continued) 
Hot Rolled Plate (514163-1A), Aged at 375OF 
Aging FtY Ft" e 
History 
Long transverse 
1 (58.2) (69.3) 20 
2" (59.5) (68.41 19 
(59.81 (68.21 18 
19 average 
4" (63.7) (68.3) 14 
(62.7) (68. I )  14 
(68.2) 14 (63.2) average 
a (63.1) (67.5) 14 
16 (60.3) (66.6) 14 
"Duplicate Tests 
(pct.) -(ksi) -(ksi) --
- (59.6) (68.3) - 
--
~ 
The PM Al-Cu-Mg-Zr a l l o y  composition t h a t  d i sp l ayed  ou t s t and ing  t e n s i l e  
s t r e n g t h  and f r a c t u r e  toughness p r o p e r t i e s  i n  e x t r u s i o n s  a l s o  con t r ibu ted  t o  
promising p rope r ty  combinations i n  t h e  f l a t  r o l l e d  product forms of p l a t e  
and s h e e t .  The b e n e f i t s  from PM process ing  are r e l a t e d  t o  improvements i n  t h e  
c o n t r o l  of a l l o y  m i c r o s t r u c t u r e s  and poss ib ly  from a c o n t r i b u t i o n  t o  d i s -  
p e r s i o n  hardening  through use of Z r  s o l u t e  a d d i t i o n s .  An i n c r e a s e  i n  t h e  
hardening  response  of t h e  p l a t e  and sheet m a t e r i a l s  i s  t e n t a t i v e l y  a t t r i b u t e d  
t o  changes i n  t h e  subgra in  and g r a i n  s t r u c t u r e s .  The h igh ly  u n r e c r y s t a l l i z e d  
e x t r u s i o n s  examined i n  an ear l ier  phase of  t h i s  program exh ib i t ed  a t  b e s t  a 
f l a t  age hardening  response .  This  behavior probably  occurred  s i n c e  t h e  S '  
phase is he terogeneous ly  p r e c i p i t a t e d  , and thus  t h e  h igh  d e n s i t y  of d i s l o c a -  
t i o n s  i n  t h e  v i c i n i t y  of subgra in  and g ra in  boundaries o f f e r r e d  competing 
n u c l e a t i o n  s i tes  t o  t h e  f r e e  d i s l o c a t i o n  d e n s i t y  in t roduced  by stress r e l i e f .  
I n  t h e  case  of f l a t  r o l l e d  materials, p a r t i c u l a r l y  s h e e t  gages,  s u b s t a n t i a l  
r e c r y s t a l l i z a t i o n  w a s  ob ta ined  by t h e  combination of TMT p r a c t i c e s .  The 
r e c r y s t a l l i z e d  m i c r o s t r u c t u r e s  l e d  t o  l o w e r  n a t u r a l l y  aged s t r e n g t h s  f o r  t h e  
PM m a t e r i a l s ,  bu t  reduced the  amount of i n e f f e c t i v e  S '  phase p r e c i p i t a t i o n  on 
subgra in  and g r a i n  boundaries.  Therefore,  a l a r g e r  volume f r a c t i o n  of S '  
phase was a v a i l a b l e  f o r  s t r e n g t h e n i n g  on a r t i f i c i a l  aging. The h igh  s t r e n g t h  
l e v e l s  i n  t h e  peak aged s h e e t  i s  a marked improvement over i ngo t  me ta l lu rgy  
a l l o y s .  R e c r y s t a l l i z a t i o n  i n  t h in  product gages u s u a l l y  l ead  t o  s i g n i f i -  
caii t ly lower s t r e n g t h  l e v e l s .  in t h e  PM 2124 A l - Z r  modified s h e e t ,  t h e  y i e l d  
s t r e n g t h  is  approximately 10.0 k s i  higher t h a n  t h e  y i e l d  s t r e n g t h  of I M  2034 
i n  a comparable gage, t h e  c l o s e s t  ingot  me ta l lu rgy  composition. I n  f a c t ,  t h e  
y i e l d  s t r e n g t h  of t h e  PM A1 a l l o y  exceeds e q u i v a l e n t  gages of t h e  I M  A1 a l l o y  
up t o  ve ry  t h i c k  s e c t i o n s  where a h ighly  u n r e c r y s t a l l i z e d  s t r u c t u r e  i s  known 
t o  be p r e s e n t .  The t r a n s v e r s e  t e n s i l e  p r o p e r t i e s  of t h e  PM f l a t  r o l l e d  
v a r i a n t s  a l s o  e x h i b i t e d  h igh  s t r e n g t h  l e v e l s .  
m a t e r i a l s ,  t h e  t r a n s v e r s e  s t r e n g t h s  were observed t o  exceed t h e  l o n g i t u d i n a l  
p r o p e r t i e s  f o r  bo th  ag ing  tempera tures .  
I n  the ho t  r o i l e d  s h e e t  
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Figure 4 .  - Long i tud ina l  y i e l d  s t r e n g t h  of two PM p l a t e  v a r i a n t s  
as a f u n c t i o n  of ag ing  a t  350" and 375°F. 
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Figure  5. - Longi tudina l  t e n s i l e  s t r e n g t h  of two PM p l a t e  v a r i a n t s  
as a f u n c t i o n  of aging a t  350" and 375°F. 
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TABLE 7a. - TENSILE PROPERTIES OF 0.070 I N .  THICK WARM ROLLED SHEET 
Warm Rolled Sheet (514163-CC), Aged at 35OoF 
Aging FtY Ftu e 
History (pct.) -(ksi) - (ksi) - 
Longitudinal 
0 hours" (55.4) (68.4) 18 
(56.2) (69.2) 18 
18 
4 (54.8) (67.7) 18 
8 (55.0) (66.9) 15 
16" (62.6) (68.7) 10 
(65.6) (69.5) 9 
10 - (69.1 -(64.1) average 
32 (61.0) (66.9) 10 
Long transverse 
0 hours" (44.2) (68.6) 16 
(44.2) (68.3) 18 
17 (44.2) (68.5) average 
4" (42.1) (62.1) 18 
(42.2) (62.6) 18 
18 
8 (46.5) (63.3) 16 
16" (57.1) (66.5) 11 
(57.1) (66.8) 12 
12 average 
32 (60.5) (67.1) 18 
* 0 uolicate Tests 
average - (55.8) - (68.8) -
--
--
- average - (42.2) (62.4) -
- (57.1) - (66.71 --
TABLE 7b. - TENSILE PROPERTIES OF 0.070 I N .  THICK WARM ROLLED SHEET 
Warm Rolled Sheet (514163-CC), Aged at 375OF 
Aging FtY  
(ksi) - History -
Longitudinal 
1 
2" 
average 
4' 
average 
8 
"Duplicate Tests 
(48.1 ) 
(52.4) 
(51.8) 
(52.1) 
(65.2) 
(60.2) 
(62.6) 
(64.0) 
-
-
Ftu 
(ksi) - 
(66.1 ) 
(65.4) 
(66.7) - (66.0) 
(69.5) 
(67.2) 
(68.4) 
(69.1) 
-
e 
(pct.) -
22 
17 
20 
19 
10 
13 
12 
10 
-
-
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TABLE 7b. - TENSILE PROPERTIES OF 0.070 I N .  T H I C K  WARM ROLLED SHEET (Continued) I 
Warm Rolled Sheet (514163-CC), Aged at 375OF 
Aging 
History 
Long transverse 
1 
2" 
-
average 
4" 
average 
8 
16 
*Duplicate Tests 
(42.7) 
(46.5) 
(45.6) 
(46.0) 
(54.6) 
(54.5) 
(54.6) 
(59.41 
(58.1) 
-
-
(66.6) 
(65.8) 
(66.1 ) 
(66.3) 
(66.3) 
(66.3) 
(66.4) 
(66.1) 
166.0) 
-
18 
17 
17 
17 
11 
12 
12 
10 
9 
-
-
3.3 F r a c t u r e  Toughness P r o p e r t i e s  
The t e n s i l e  p rope r ty  e v a l u a t i o n  on t h e  PM 2124 A l - Z r  modified a l l o y  
m a t e r i a l s  w e r e  e f f e c t i v e  i n  e s t a b l i s h i n g  t h e  o v e r a l l  s t r e n g t h  behavior  a s  a 
f u n c t i o n  of ag ing  t r ea tmen t  and product form. An i n d i c a t i o n  of t h e  f r a c t u r e  
toughness p r o p e r t i e s  f o r  t h e  PM A 1  p l a t e  and s h e e t  materials w a s  ob ta ined  by 
precracked  Charpy and Kahn tear tes ts ,  r e s p e c t i v e l y .  The f l a t  r o l l e d  pro- 
d u c t s  and ag ing  t ime-temperature combinations were i d e n t i c a l  t o  those  used i n  
t h e  t e n s i l e  p rope r ty  s tudy .  The f r a c t u r e  toughness i n d i c a t i o n s  f o r  t h e  PM 
p l a t e  and s h e e t  v a r i a n t s  are g iven  i n  the fo l lowing  two s u b s e c t i o n s .  
3 .3 .1  F r a c t u r e  toughness p r o p e r t i e s  of p l a t e  v a r i a n t s . -  The two pro- 
c e s s i n g  v a r i a n t s  i nvo lv ing  0.250 i n .  thick p l a t e  w e r e  eva lua ted  w i t h  r e s p e c t  
t o  f r a c t u r e  toughness r e s i s t a n c e .  Toughness t e s t i n g  was conducted i n  both  
t h e  L-T and T-L o r i e n t a t i o n s  as a func t ion  of  i so the rma l  aging a t  350" and 
375°F. Data w e r e  converted from t h e  Charpy test r e s u l t s  t o  f r a c t u r e  tough- 
nes s  u n i t s  by us ing  an  e m p i r i c a l  method developed a t  Alcoa. The f r a c t u r e  
toughness p r o p e r t i e s  a r e  g iven  i n  Tables 9 and 10 f o r  t h e  warm r o l l e d  p l a t e  
and h o t  r o l l e d  p l a t e  v a r i a n t s ,  r e s p e c t i v e l y .  
toughness ve r sus  y i e l d  s t r e n g t h  r e l a t i o n s h i p  f o r  t h e  two PM p l a t e  m a t e r i a l s  
i n  t h e  L-T o r i e n t a t i o n ,  w h i l e  F igure  13 d i s p l a y s  a s i m i l a r  p l o t  f o r  t h e  T-L 
o r i e n t a t i o n .  
f i g u r e s .  The d a t a  d i sp l ayed  re la t ively s c a t t e r e d  v a l u e s  wi th  no c l e a r  
s t rength- toughness  t r end  r e l a t i o n s h i p  being e v i d e n t .  The r o l l e d  p l a t e  pro- 
d u c t s  aged a t  375°F showed the most s c a t t e r .  The w a r m  r o l l e d  p l a t e  aged a t  
t h e  lower tempera ture  and t h e  hot  r o l l e d  p l a t e  aged a t  t h e  h ighe r  tempera ture  
e x h i b i t e d  t h e  b e t t e r  s t r e n g t h  - toughness combinations.  I n s p e c t i o n  of Fig- 
u r e  1 2  a l s o  shows t h a t  t h e  poores t  combination of s t r e n g t h  and toughness w a s  
ob ta ined  i n  bo th  p rocess ing  v a r i a n t s  us ing  the h ighe r  ag ing  tempera ture  of 
375°F. 
F igure  12  shows t h e  Charpy 
A number of i t e m s  a r e  of p a r t i c u l a r  s i g n i f i c a n c e  i n  t h e s e  
Charpy d a t a  i n  t h e  T-L o r i e n t a t i o n  sugges t  t h a t  t h e  warm r o l l e d  p l a t e  
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TABLE 8a. - TENSILE PROPERTIES OF 0.070 I N .  THICK HOT ROLLED SHEET 
Hot Rolled Sheet (514163-CH), Aged a t  350°F 
Aging 
History 
F t V  
(ksi) - Ftu (ksi) - 
e 
(pct.) -
Longitudinal 
0 hours* 
average 
4 
8 
16" 
average 
32 
Long transverse 
0 hours* 
average 
4 
8 
16" 
average 
32 
*Duplicate Tests 
-
-
(51.6) 
(51.6) 
(51.6) 
(55.2) 
(54.9) 
(66.0) 
(63.5) 
(64.8) 
(64.8) 
-
-
(43.6) 
(44.3) 
(44.0) 
(52.4) 
(58.9) 
(65.8) 
(64.8) 
(65.3) 
(63.8) 
-
-
(65.8) 
(65.4) 
(65.6) 
(67.1 1 
(65.3) 
(68.7) 
(67.9) 
(68.3) 
(69.3) 
-
-
(66.8) 
(67.7) 
(67.2) 
(69.3) 
(69.6) 
(71.1) 
(70.0) 
(70.6) 
(69.6) 
-
-
20 
16 
18 
9 
15 
10 
10 
10 
9 
-
-
18 
16 
17 
15 
12 
9 
8 
9 
8 
-
- 
TABLE 8b. - TENSILE PROPERTIES OF 0.070 I N .  THICK HOT ROLLED SHEET 
Hot Rolled Sheet (514163-CH), Aged a t  375OF 
Aging F tV  
(ksi) -History -
Longitudinal 
1 
2" 
average 
4' 
average 
8 
16 
*Duplicate Tests 
-
-
(51.4) 
(52.2) 
(55.4) 
(53.8) 
(59.7) 
(59.1 1 
(59.4 
(61.2) 
(58.1) 
-
Ftu 
(ksi) - 
(64.0) 
(64.0) 
(64.9) 
(64.4) 
(65.1) 
(65.6) 
(65.4) 
(66.0) 
(66.1) 
-
-
e 
(pct.) -
18 
17 
14 
17 
12 
13 
13 
10 
9 
- 
-
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I TABLE 8b. - TENSILE PROPERTIES OF 0.070 I N .  THICK HOT ROLLED SHEET (Continued) 
Hot Rolled Sheet (514163-CH) Aged at 375OF 
Aging 
History 
Long transverse 
1 
2" 
average 
4, 
-
average 
8 
16 
*Duplicate Tests 
-
(49.4) 
(54.1 1 
(48.8) 
(51.4) 
(63.1) 
(62.6) 
(62.8) 
(63.8) 
(61.3) 
-
-
Ft" 
(ksi) - 
(67.5) 
(69.4) 
(66.2) 
(67.8) 
(69.9) 
(69.5) 
(69.7) 
(69.8) 
(68.8) 
-
-
e 
(pct.) - 
16 
16 
16 
16 
9 
10 
9 
9 
-
lo 
iged a t  e i t h e r  tempera ture  w a s  decidedly b e t t e r  than  t h a t  of the h o t  r o l l e d  
v a r i a n t .  
d e c i s i o n  of t h e  optimum process ing  cond i t ion  f o r  PM A 1  p l a t e  products .  
way of comparison w i t h  convent iona l  A 1  a l l o y s ,  t h e  b e s t  combination of 
s t r e n g t h  and toughness i n  t h e  PM A 1  p l a t e  materials i s  r e p r e s e n t a t i v e  of 
approximate ly  65.0 k s i  y i e l d  s t r e n g t h  and 80.0 k s i - i n 1  12 toughness v a l u e s ,  
r e s p e c t i v e l y .  A precracked Charpy estimate of t h e  TA-T f r a c t u r e  toughness of 
IPI 2124 Al-T851 p l a t e  corresponds t o  about 30.0 ks i - in1 I2 ,  a t  a y i e l d  s t r e n g t h  
of 66.0 k s i .  
t h a t  of t h e  PM A 1  a l l o y s ,  i t  i s  a s i g n i f i c a n t  i n d i c a t i o n  of t h e  magnitude of 
improvement i n  f r a c t u r e  toughness and s t r e n g t h  achieved through PM process ing  
methods. 
Add i t iona l  t e s t i n g  and a n a l y s i s  is requ i r ed  t o  make a c a t e g o r i c a l  
By 
Although t h e  2124 A 1  d a t a  are taken  from t h i c k e r  p l a t e  than  
3.3.2 F r a c t u r e  toughness p r o p e r t i e s  of shee t  v a r i a n t s . -  The two process-  
i n g  v a r i a n t s  i nvo lv ing  0.070 i n .  t h i c k  shee t  w e r e  eva lua ted  w i t h  r e s p e c t  t o  
f r a c t u r e  toughness r e s i s t a n c e .  Toughness t e s t i n g  was performed i n  bo th  t h e  
L-T and T-L o r i e n t a t i o n s  as a f u n c t i o n  of i so the rma l  ag ing  a t  350°F. An index  
of  t h e  f r a c t u r e  toughness of t h e  PM A1 shee t  m a t e r i a l s  w a s  a s ses sed  by two 
measures,  t h e  t e a r  s t r e n g t h / y i e l d  s t r e n g t h  r a t i o  and t h e  u n i t  p ropaga t ion  
energy (UPE). The f r a c t u r e  toughness p r o p e r t i e s  are given i n  Tables 11 and 1 2  
- - -  fnr t h e  vam. r e l l e d  s h e e t  and hot  r o l l c d  sheet varia-i l ts ,  r e s p e c t i v e l y .  
u r e  14 shows t h e  t e a r  s t r e n g t h l y i e l d  s t r e n g t h  r a t i o  ve r sus  y i e l d  s t r e n g t h  
d a t a  f o r  t h e  two PM A1 s h e e t  materials i n  t h e  L-T o r i e n t a t i o n ,  w h i l e  F igu re  15 
d i s p l a y s  a s i m i l a r  p l o t  f o r  t h e  T-L o r i e n t a t i o n .  
obey a common t r e n d  r e l a t i o n s h i p ,  w i t h  t h e  l i n e  i n  t h i s  f i g u r e  r e p r e s e n t i n g  a 
leas t  squa res  f i t  t o  t h e  d a t a .  It i s  noted t h a t  on ly  t h e  h o t  r o l l e d  s h e e t  
vaL;aiit exhibited scatter w i t h  r e s p e c t  t o  t h e  l i n e a r  behavior .  The T-L 
o r i e n t a t i o n  r e s u l t s  i n  F igure  15 showed a more c o n s i s t e n t  t r e n d  than  observed 
w i t h  t h e  L-T d a t a .  
Fig- 
The L-T toughness r e s u l t s  
The s t r e n g t h  - toughness combination of t h e  two PM p rocess ing  
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Figure 8. - Longi tudina l  y i e l d  s t r e n g t h  of two PM s h e e t  v a r i a n t s  
a s  a func t ion  of aging a t  350" and 375°F. 
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Figure 9. - Longi tudina l  t e n s i l e  s t r e n g t h  of two PM s h e e t  v a r i a n t s  
as a f u n c t i o n  of aging a t  350" and 375°F. 
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Figure 10. - Transverse  y i e l d  s t r e n g t h  of two PM s h e e t  v a r i a n t s  
as a f u n c t i o n  of ag ing  a t  350" and 375°F. 
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Figure 1 1 .  - Transverse t e n s i l e  s t r e n g t h  of two PM s h e e t  v a r i a n t s  
as a f u n c t i o n  of aging a t  350" and 375°F. 
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TABLE 9. - FRACTURE TOUGHNESS PROPERTIES OF 0.250 I N .  THICK 
WARM ROLLED PLATE 
Warm Rolled Plate (514163-181 
KICH (ksi-in. 1/2) 
Aging 
Condition 
"T3" 
L-T Orientation 
T-L Orientation 
Aged at 350 F 
L-T Orientation 
4 hours 
8 hours 
16 hours 
32 hours 
T-L Orientation 
4 hours 
8 hours 
16 hours 
32 hours 
Aged a t  375 F 
L-T Orientation 
1 hour 
2 hours 
4 hours 
8 hours 
16 hours 
T-L Orientation 
1 hour 
2 hours 
4 hours 
8 hours 
16 hours 
Specimen 
1 2 
75.05 
75.28 
74.33 
72.1 1 
62.36 
70.23 
86.47 
63.13 
66.99 
63.29 
69.91 
74.47 
83.20 
76.71 
55.96 
72.40 
64.73 
63.28 
66.70 
66.9 1 
79.99 
60.97 
85.89 
63.10 
73.72 
65.59 
83.41 
84.01 
69.79 
59.25 
Avg. -
77.52 
68.13 
80.1 1 
72.1 1 
62.73 
70.23 
80.10 
63.13 
66.29 
63.29 
69.91 
78.94 
83.61 
76.71 
55.96 
72.40 
67.26 
61.27 
66.70 
66.90 
cond i t ions  i n  s h e e t  d id  not  produce s i g n i f i c a n t  d i f f e r e n c e s  on t h e  b a s i s  of 
t h e  t e a r  s t e n g t h / y i e l d  s t r e n g t h  r a t i o .  
t o g e t h e r  as i n  Figure 16 ,  t hey  d e s c r i b e  a f a i r l y  c o n s i s t e n t  s i n g l e  behavior .  
The i n d i v i d u a l  l eas t  squares  f i t  t o  t h e  d a t a  sets are a l s o  included on t h e  p l o t .  
When t h e  L-T and T-L d a t a  are p l o t t e d  
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TABLE 10. - FRACTURE TOUGHNESS PROPERTIES OF 0.250 I N .  THICK 
HOT ROLLED PLATE 
KlCH (ksi-in. 1’2) 
Aging 
Condition 
“T3” 
L-T Orientation 
T-L Orientation 
Aged at 350 F 
L-T Orientation 
4 hours 
8 hours 
16 hours 
32 hours 
T-L Orientation 
4 hours 
8 hours 
16 hours 
32 hours 
Aged at 375 F 
L-T Orientation 
1 hour 
2 hours 
4 hours 
16 hours 
T-L Orientation 
1 hour 
2 hours 
4 hours 
8 hours 
16 hours 
a houri 
Specimen 
1 2 Avg. -
87.25 84.88 
94.76 105.05 
86.07 
99.91 
90.85 9 1 .oa 90.97 
87.12 87.72 
68.34 74.81 71.58 
74.82 74.82 
93.79 
82.38 
82.60 
71.06 
82.99 
79.99 
75.60 
65.28 
68.88 
87.55 
84.61 
85.47 
103.04 
73.95 
82.46 
a 1 .99 
74.53 
93.79 
82.38 
82.53 
7 1.06 
82.99 
80.99 
65.28 
74.57 
68.88 
87.55 
80.17 82.82 
100.02 101.53 
79.62 82.12 
73.95 
The u n i t  p ropagat ion  energy (UPE) of t h e  PM s h e e t  v a r i a n t s  i s  p l o t t e d  
a g a i m t  y i e l d  s t r e n g t h  i r ?  F igu re  17. The l i n e s  r e p r e s e n t  t h e  upper l i m i t  of  
t h e  p l o t t e d  d a t a  f o r  each variant. 
t e r i s t i c s  a s s o c i a t e d  w i t h  UPE type  ana lyses .  It i s  noted t h a t  a s imi la r  be- 
havior  i s  observed i n  i n g o t  meta l lurgy  A1 a l l o y s .  The PM s h e e t  d a t a  showed a 
c h a r a c t e r i s t i c  drop i n  toughness r e l a t i v e  t o  s t r e n g t h  a t  t h e  underaged and over- 
aged temper cond i t ions .  
advai;tage 5: t h e  mderaged  cond i t ions ,  b u t  t h e  r e v e r s e  was observed on over- 
aging. 
combinations of UPE and y i e l d  s t r e n g t h ,  b u t  a l s o  showed more s c a t t e r  i n  UPE 
va lues .  Add i t iona l ly ,  t h e  T-L hot r o l l e d  m a t e r i a l  s t r e n g t h  and UPE combina- 
t i o n  was improved s l i g h t l y  over  t h e  T-L w a r m  r o l l e d  c o n d i t i o n  combination. 
The r e s u l t s  e x h i b i t  the t y p i c a l  charac- 
The L-T w a r m  r o l l e d  toughness e x h i b i t e d  a d i s t i n c t  
I n  gene ra l ,  t h e  h o t  r o l l e d  sheet v a r i a n t  l e d  t o  marg ina l ly  b e t t e r  
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Figure 1 2 .  - Charpy f r a c t u r e  toughness vs. y i e l d  s t r e n g t h  r e l a t i o n s h i p  
f o r  two PM p l a t e  v a r i a n t s  i n  L-T o r i e n t a t i o n .  
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TABLE l l a .  - FRACTURE TOUGHNESS PROPERTIES OF 0.070 I N .  THICK WARM ROLLED SHEET 
~~~~ 
Warm Rolled Sheet (514163-CC); Aged at 350°F 
Aging 
History Orientation 
0 hours* 
average 
average 
4 
8 
-
16' 
average 
average 
32 
L-T 
T- L 
L-T 
T- L 
L-T 
T- L 
L-T 
T- L 
L-T 
T- L 
Tear Strength 
(ksi) 
(83.2) 
(84.0) 
(83.6) 
(84.6) 
(83.1 1 
(84.3) 
(87.1) 
(88.2) 
(89.6) 
(85.2) 
(88.2) 
(86.7) 
(88.4) 
(88.6) 
(88.5) 
(80.9) 
(90.6) 
-
(83.9) 
-
Unit Propagation Energy 
in-lb/in (2) 
*Duplicate Tests 
Note: 1 - Diagonal fracture, tear strength and UPE may be slightly high 
TABLE l l b .  - FRACTURE TOUGHNESS PROPERTIES OF 0.70 I N .  THICK WARM ROLLED SHEET 
~~ 
Warm Rolled Sheet (514163-CC1, Aged a t  375OF 
Aging 
History 
1 hour 
2" 
average 
average 
4* 
average 
average 
8 
16 
Orientation 
Tear Strength 
(ksi) 
Unit Propagation Energy 
in-lbhn (2) 
L-T 
T- L 
L-T 
T- L 
L-T 
T- L 
L-T 
T- L 
L-T 
T- L 
(84.5) 
(88.8) 
(86.3) 
(84.2) 
(87.2) 
(87.9) 
(90.9) 
(90.5) 
(90.7) 
(87.9) 
(87.2) 
(87.5) 
(68.0) 
(86.0) 
(67.1) 
(84.7) 
(85.3) 
(87.5) 
-
-
*Duplicate Tests 
Notes: 1 - High initial loading (Energies invalid; not included in average) 
2 - Diagonal fracture, tear strength and UPE may be slightly high 
3 - Ranid fracture UPE i s  estimated but not valid 
(980) 
(695) 
(1171) 
(1011) 
(1090) 
(703) 
(797) 
(750) 
(735) 
(749) 
(740) 
(464) 
(646) 
(42912 
(24013 
(377) 
(595) 
-
-
(57511 
-
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TABLE 12a. - FRACTURE TOUGHNESS PROPERTIES OF 0.070 I N .  THICK HOT ROLLED SHEET 
TABLE 12b. - FRACTURE TOUGHNESS PROPERTIES OF 0.070 I N .  THICK HOT ROLLED SHEET 
Hot Rolled Sheet (514163-CH1, Aged a t  375OF 
Hot Rolled Sheet (514163-CHI, Aged a t  350°F 
Aging Tear Strength Unit Propagation Energy 
History Orientation (ksi) i n - l b h  (2) 
0 hours* L-T (85.6) (844) 
(81.4) (891) 
T- L (80.6) (638) 
(83.9) (556) 
(595) (82.2) average 
4 L-T (86.3) (1014) 
T- L (86.3) (645) 
8 L-T (87.9) (850) 
T- L (89.6) (595) 
16" L-T (90.5) (668) 
(90.3) (1098) 
(885) (90.4) average 
T- L (86.6) (386) 
(86.8) (432) 
(405) (86.8) average 
32 L-T (89.6) (564) 
T- L (85.9) (455) 
*Duplicate Tests 
-
average (83.5) - (865) 
---
--
--
Aging Tear Strength 
History Orientation (ksi) 
1 hour* L-T (85.7) 
T- L (84.2) 
2" L-T (87.6) 
(90.6) 
(89.1) average 
T- L (87.4) 
(87.9) 
(87.7) average 
4* L-T (87.7) 
(87.6) 
average (87.7) 
(87.9) 
8 L-T (89.6) 
T- L (91.3) 
16 L-T (89.6) 
T- L (91.3) 
* 0 up1 icate Tests 
-
-
-
T- L (87.4) 
average (87.7) 
Note: 1 - Crack path changed direction or was erratic, UPE may be high 
Unit Propagation Energy 
in-lbhn ( 2 )  1 
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Figure  1 4 .  - Tear s t r e n g t h l y i e l d  s t r e n g t h  r a t i o  vs. y i e l d  s t r e n g t h  
d a t a  for two PM s h e e t  v a r i a n t s  i n  L-T o r i e n t a t i o n .  
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Figure  15. - Tear s t r e n g t h l y i e l d  s t r e n g t h  r a t i o  vs. y i e l d  s t r e n g t h  
I d a t a  f o r  two PM shee t  v a r i a n t s  i n  T-L o r i e n t a t i o n .  
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Figure 16. - Tear s t r e n g t h / y i e l d  s t r e n g t h  r a t i o  vs. y i e l d  s t r e n g t h  r e s u l t s  
f o r  PM shee t  v a r i a n t s  i n  both  L-T and T-L o r i e n t a t i o n s .  
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Figure 17 .  - Unit propagat ion energy vs. y i e l d  s t r e n g t h  
r e l a t i o n s h i p  f o r  two PM s h e e t  v a r i a n t s .  
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The f r a c t u r e  toughness i n d i c a t i o n s  f o r  t h e  e n t i r e  set  of PM s h e e t  d a t a  
show n e i t h e r  process ing  v a r i a n t  t o  possess  a markedly d i f f e r e n t  behavior .  
Toughness r e s u l t s  i n  both  gages and p rocess ing  cond i t ions  do not  appear  t o  
e x h i b i t  s u f f i c i e n t l y  l a r g e  d i f f e r e n c e s  t h a t  c l e a r l y  i n d i c a t e  t h a t  one pro- 
c e s s i n g  v a r i a n t  is p r e f e r r e d .  On t h e  b a s i s  of t h e s e  r e s u l t s ,  t h e  hot  r o l l e d  
v a r i a n t  would b e  s e l e c t e d  i f  s t r e n g t h  - toughness  i s  t h e  major c o n s i d e r a t i o n .  
On t h e  o t h e r  hand, i f  maximum t e n s i l e  s t r e n g t h  i s  d e s i r e d  t h e  w a r m  r o l l e d  
p rocess ing  cond i t ion  would be p r e f e r r e d .  
make a c a t e g o r i c a l  d e c i s i o n  as t o  t h e  optimum process ing  v a r i a n t .  
f a c t o r s  i n f luenc ing  t h e  f i n a l  d e c i s i o n  would invo lve  bo th  notched f a t i g u e  and 
c o r r o s i o n  performance. 
Add i t iona l  t e s t i n g  i s  r e q u i r e d  t o  
Supplemental 
3.4 M i c r o s t r u c t u r a l  C h a r a c t e r i z a t i o n  
The f i n e ,  predominantly d e n d r i t i c ,  s t r u c t u r e  of t h e  i r r e g u l a r l y  shaped 
powder p a r t i c l e s  i s  similar t o  obse rva t ions  made i n  t h e  t h r e e  prev ious  i n v e s t i -  
g a t i o n s .  
coo l ing  rates from 10 t o  10 K/sec were o p e r a t i v e  du r ing  t h e  a tomiza t ion  
process .  A f i n e r  d e n d r i t i c  s t r u c t u r e  w a s  t y p i c a l l y  observed i n  t h e  PM 2124 
A l - Z r  modified a l l o y s  as a consequence of Z r  a d d i t i o n s  t o  the  base  a l l o y .  
C e l l u l a r  powder s t r u c t u r e s  i n d i c a t i v e  of a s u b s t a n t i a l l y  h ighe r  undercool ing  
w e r e  occas iona l ly  observed. Table  13 lists t h e  phases i d e n t i f i e d  by Guin ier  
phase a n a l y s i s  i n  t h e  as-atomized powders. The volume f r a c t i o n  of phases  i s  
ranked s e m i q u a n t i t a t i v e l y  by comparing t h e  l i n e  i n t e n s i t y  of a test f i l m  t o  
t h a t  of an A1 s t anda rd .  
The 1 t o  3 i c r o n  3econdary d e n d r i t i c  a r m  spac ing  i n d i c a t e s  t h a t  !I 
The presence of  A1 Cu d e t e c t e d  i n  t h e  two PM 2124 A l - Z r  modified a l l o y s  2 
(514042 and 514163) is a r e s u l t  of  s o l u t e  s e g r e g a t i o n  which creates t h e  co red ,  
mos t ly  d e n d r i t i c ,  s t r u c t u r e .  During s o l i d i f i c a t i o n ,  s o l u t e  i s  r e j e c t e d  from t h e  
s o l i d ,  thereby p r o g r e s s i v e l y  i n c r e a s i n g  t h e  l i q u i d  s o l u t e  con ten t .  The chang- 
i n g  composi t ional  p a t h  of t h e  f r e e z i n g  l i q u i d  i s  descr ibed  by t h e  c l a s s i c a l  
l i q u i d u s  diagram. For a l l o y s  w i t h  Cu/Mg r a t i o s  g r e a t e r  and less than  2.2:l .O; 
t h e  f r e e z i n g  l i q u i d  fo l lows  t h e  p a t h  t o  t h e  l e f t  and r i g h t  of t h e  quas i -b inary  
hump, r e s p e c t i v e l y ,  
+ A12Cu + A12 CuMg. A l s o l i d  s o l u t i o n  
I f  t h e  s o l i d i f i c a t i o n  r a t e  i s  s u f f i c i e n t l y  h igh ,  t h e  s o l u t e  can be  r e t a i n e d  
i n  metas tab le ,  s u p e r s a t u r a t e d  s o l i d  s o l u t i o n .  A t  lower s o l i d i f i c a t i o n  r a t e s  
A12CuMg, A12Cu, and Mg S i  may p r e c i p i t a t e  du r ing  t h e  cool-down t o  ambient 
tempera tures  a f t e r  s o l i d i f i c a t i o n  of t h e  l a s t  p o r t i o n  of l i q u i d  phase a t  t h e  
e u t e c t i c  composition. Rapid age hardening occur s  i n  PM A1 a l l o y s  due t o  t h e  
promotion of r ap id  d i f f u s i o n  rates from t h e  h igh  concen t r a t ion  of quenched-in 
vacancies .  Cons t i tuent  phases  t h a t  c o n t a i n  Mn, Fe, N i ,  and Z r  w e r e  no t  
d e t e c t e d  by Guinier a n a l y s i s  o r  me ta l log raph ic  examination of  t h e  as-pol ished 
powders a t  1OOOX. 
2 
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TABLE 13. - PHASE ANALYSIS IDENTIFICATION I N  PM 2124 A1 ALLOYS BY 
GUINIER X-RAY METHOD 
i 
Sample 
No. 
5 13707 
5 13708 
513709 
514041 
5 14042 
5 13305 
514163 
Notes: 
Product 
Extrusion(1) 
Powder 
Extrusion( 1) 
Powder 
Extrusion(l1 
Powder 
Extrusion(2) 
Powder 
Extrusion(2) 
Powder 
Extrusion (2) 
Powder 
C U A I ~  
Trace 
- 
Small 
Small 
Small 
Small 
- 
V. Sml. 
- 
V. Sml. + 
- 
V. Sml. + 
Phases Present 
- 
- 
Med. 
Poss. Sml. 
Small 
Small 
- 
- 
- 
- 
Med. 
- 
AI7Cu2Fe 
Med. 
- 
- 
- 
- 
- 
V. Sml. 
- 
- 
Trace 
V. Sml. - 
Trace 
Tetragonal 
AI3& 
(1) Solution heat treated a t  92OoF, CWQ, stretched 1.5 - 2.0%, and naturally aged 4 days minimum. 
(2) Solution heat treated a t  935OF, CWQ, stretched 1.5 - 2.0%, and naturally aged 4 days minimum. 
(3) Identified by TEM only. Quantity present is an estimated amount. 
The m i c r o s t r u c t u r e  o f  t h e  candidate  PM b i l l e t s  was examined by o p t i c a l  
metal lography a t  500X and 1OOOX. Guinier a n a l y s i s  of t h e  phases p r e s e n t  i n  
t h e  b i l l e t s  i n d i c a t e d  t h a t  i n t e r m e t a l l i c  compounds w e r e  d e t e c t e d  t h a t  a r e  
s imilar  t o  t h o s e  observed i n  homogenized I M  2024 A 1  b i l l e t s .  The advantage 
obta ined  by PM process ing  involves  t h e  f i n e  s i z e  and d i s t r i b u t i o n  of b i l l e t  
g r a i n s  and i n t e r m e t a l l i c  p a r t i c l e s  t h a t  are normally p r e s e n t  as l a r g e  con- 
s t i t u e n t s  i n  I M  2XXX A1 a l l o y s .  The amount of primary s o l u b l e  phases ,  Al,,Cu 
and A12CuMg, i n d i c a t e s  t h a t  t h e  segrega t ion  c r e a t e d  d u r i n g  s o l i d i f i c a t i o n L i s  
n o t  completely e l imina ted  by t h e  p r e c i p i t a t i o n  and growth of i n t e r m e t a l l i c  
phases  p r e s e n t  i n  t h e  atomized powder. The one hour hold ing  t i m e  a t  935°F 
d u r i n g  t h e  vacuum prehea t  c y c l e  may not be adequate t o  d i s s o l v e  t h e  l a r g e  
e q u i l i b r i u m  A1 Cu phases .  2 
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The i n t e r m e t a l l i c  phases ,  g r a i n  s t r u c t u r e ,  and c r y s t a l l o g r a p h i c  t e x t u r e  
which comprises the  m i c r o s t r u c t u r e  of  t h e  PM 2124 A l - Z r  modif ied m a t e r i a l s  
a r e  presented  i n  t h e  fo l lowing  s e c t i o n s .  Meta l lographic  r e s u l t s  from t h e  
previous  i n v e s t i g a t i o n s  are used where necessa ry  t o  r e s o l v e  t h e  e f f e c t  of 
composi t iona l  changes on p rope r ty  behavior  i n  t h e  c u r r e n t  i n v e s t i g a t i o n .  
The phases  i d e n t i f i e d  i n  t h e  n a t u r a l l y  aged PM 2XXX A 1  and I M  2034 A1 a l l o y s  
a r e  a l s o  l i s t e d  i n  Table  13. The c a l c u l a t e d  volume f r a c t i o n  o f  coherent  
A1 Z r  and incoherent  A 1  Cu Mn which p r e c i p i t a t e s  a t  the vacuum prehea t  
ana s o l u t i o n  hea t  t r ea tmen t  tempera tures  f o r  the PM 2124 A1-Mn modif ied and 
- Z r  modif ied a l l o y s  a r e  shown i n  Table  14. Undissolved A1  Cu i n  t h e  PM 2124 
A1-Mn modified a l l o y s  i s  e l imina ted  by d e c r e a s i n g  t h e  Cu c o n t e n t  as under taken  
i n  t h e  - Z r  modified a l l o y  composi t ions.  D e s p i t e  t h e  occurrence  of  undisso lved  
A1 Cu i n  PM 2124 A l ,  coa r se  c o n s t i t u e n t s  such  as A1 CuMg i n  t h e  I M  2034 A1 
a l l o y  a r e  e l imina ted .  The incoherent  d i s p e r s o i d ,  Af Cu Mn , w a s  n o t  i d e n t i -  
f i e d  i n  e i t h e r  of t h e  PM 2124 A l - Z r  modif ied alloys.20Thg azsence  of o t h e r  Mn 
con ta in ing  i n t e r m e t a l l i c  phases  i n d i c a t e s  t h a t  most of t h e  Mn w a s  r e t a i n e d  
i n  s o l i d  s o l u t i o n .  
20 2 3 
2 
Tet ragonal  A1 Z r  and c u b i c  A 1  Z r  phases  were d e t e c t e d  only  i n  the  h i g h e r  3 
Z r  con ten t  a l l ~ y s , ~ n a m e l y  514042 and 514163. 
A1 Z r  can be c o n t r o l l e d  by t h e  h e a t i n g  r a t e  and p rehea t  tempera ture .  A 
dec rease  i n  the p rehea t ing  r a t e  from 90,000°F/hr .  t o  less than  90"F/hr.  has  
been r epor t ed  t o  i n c r e a s e  t h e  r e c r y s t a l l i z a t i o n  tempera ture  o f  an  I M  Al-Zr-Mg 
a l l o y  con ta in ing  0.17 w t .  p c t .  Z r  by n e a r l y  360°F. The i n h i b i t i o n  of re- 
c r y s t a l l i z a t i o n  mechanisms w a s  expla ined  by t h e  presence  of a f i n e ,  coherent  
A1 Z r  phase d i s t r i b u t i o n .  S ince  the  PM A1 compacts undcreo a slow h e a t i n g  rate 
of approximately 18 t o  36"F/hr.  between 800" and 935°F d u r i n g  t h e  vacuum 
prehea t  cyc le ,  a f i n e  d i s t r i b u t i o n  of coherent  A1 Z r  i s  expec ted .  The copious 
p r e c i p i t a t i o n  of cubic  A1  Z r  throughout t h e  m a t r i x  of t h e  PM 2124 A l - Z r  
modif ied a l l o y  e x t r u s i o n  was demonstrated i n  a p r i o r  c o n t r a c t  e f f o r t .  R e l a t i v e  
t o  A1 Cu Mn i n  the  PM 2124 A1-Mn modif ied a l l o y s ,  and A 1  FeNi and A1 Cu Fe 
0 9 7 .  2 i n  o t 6 e r  6 M  J X X X  A1 a l l o y  sys tems,  t h e  A1 Z r  phase is  much f i n e r  and uniformly 
d i s t r i b u t e d .  Te t ragonal  A1 Z r  a l s o  occurs  as  c o a r s e r ,  more wide ly  spaced 
r e c t a n g u l a r  shaped p a r t i c l e s ,  t y p i c a l l y  less  than  1.0 pm i n  l eng th .  
The s i z e  and d i s t r i b u t i o n  of 
3 
3 
3 
3 
3 
3 
The a l l o y  m i c r o s t r u c t u r e  of t h e  s l a b ,  p l a t e ,  and b i l l e t  was examined by 
o p t i c a l  meta l lographic  and c r y s t a l l o g r a p h i c  t e x t u r e  t echn iques .  F igure  18 
shows or thogonal  views of  t h e  s l a b  a t  t h e  T/4 and T / 2  p o s i t i o n s .  It  i s  ob- 
v ious  t h a t  the s t a r t i n g  s l a b  mic ros t ruc tu re  i s  inhomogeneous, w i t h  a dec ided ly  
c o a r s e r ,  uniaxed g r a i n  morphology a t  t h e  T / 4  p o s i t i o n ,  wh i l e  a t  t he  T / 2  loca-  
t i o n  a pancake g r a i n  s t r u c t u r e  i s  p r e s e n t .  The s u r f a c e  view of  both  s e c t i o n s  
sugges t s  t h a t  some r e c r y s t a l l i z a t i o n  o r  g r a i n  growth may have occurred  i n  bo th  
p o s i t i o n s ,  but t he  g r a i n  s i z e  i s  q u a l i t a t i v e l y  i n  the  range of  t he  i n i t i a l  
powder s i z e  d i s t r i b u t i o n .  The micrographs a l s o  i l l u s t r a t e  t h a t  t he  s l a b  
fo rg ing  q u i t e  expec ted ly  possessed an inhomogeneous s t r a i n  d i s t r i b u t i o n  
through t h e  th ickness .  
r e f l e c t e d  t h i s  metal log-aphic  o b s e r v a t i o n ,  i n d i c a t i n g  the  presence  of a 
s t r o n g e r  deformation t e x t u r e  i n  the  T / 2  p o s i t i o n  than  t h e  T I 4  p o s i t i o n  
(maximum i n t e n s i t y  o f  9.8R ( t imes random) i n  the  former and 2.69R ( t imes random) 
i n  the  l a t t e r ) .  
The 1111/ x-ray po le  f i g u r e s  shown i n  F igures  19 and 20 
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TABLE 14. - CALCULATION OF HYPOTHETICAL VOLUME FRACTION OF DISPERSOIDS 
IN SEVERAL PM 2XXX A1 ALLOY COMPOSITIONS 
r 
i 
Sample 
No. 
513707 
5 13708 
5 13709 
5 13887 
5 13888 
5 13889 
514041 
5 14042 
514163 
Element 
(Wt. Pct.) 
1.53 Fe, 1.73 Ni 
1.50 Yn 
0.51 Mn 
0.18 Mn 
1.03 Fe, 0.93 Ni 
- 
0.12 Zr 
0.60 Zr 
0.60 Zr 
Dispersoid (1 1 
Type 
AlgFeNi, AI7Cu2Fe 
Ai20Cu2Mn3 
A120Cu2Mn3 : 
A120Cu2Mn3 
AlgFeNi, AI7Cu2Fe 
- 
A13Zr 
A13Zr 
A13Zr 
Estimated Volume Fraction 
(Pct.) 
10.51 (2) 
4.99 (3) 
1.15 (3) 
0.0 (3) 
6.71 (2) 
- 
0.09 (4) 
0.69 (4) 
0.69 (4) 
Notes: (1) Ignores Mg2Si phase which is assumed to be present in the same amount in a l l  PM AI Alloys. 
(2) Assumes no solid solubility and that all excess Cu over 2.5 wt. pct. is used to form A17Cu2Fe. 
(3) Solubility is approximately 0.20 wt. pct. at 920OF. 
(4) Solubility is approximately 0.07 wt. pct. at 935OF. 
The p l a t e  m i c r o s t r u c t u r e  a t  t h e  T/2 t h i c k n e s s  p o s i t i o n  i s  d i s p l a y e d  i n  
Figure 21 f o r  t h e  two process ing  v a r i a n t s  a f t e r  s o l u t i o n  h e a t  t r e a t m e n t .  
The micrographs sugges t  t h a t  r e c r y s t a l l i z a t i o n  and/or g r a i n  growth occurred 
i n  both  PM p r o c e s s i n g  v a r i a n t s .  
observed t o  occur  i n  t h e  h o t  r o l l e d  v a r i a n t .  A s  could be expected t h e r e  was 
a g r a d i e n t  of  i n c r e a s i n g  g r a i n  s i z e  toward t h e  s u r f a c e  of b o t h  r o l l e d  products .  
This  w a s  more e v i d e n t  i n  t h e  warm r o l l e d  v a r i a n t  which had a s m a l l e r  g r a i n  
s i z e  a t  the c e n t e r l i n e  l o c a t i o n .  A t  near-surface p o s i t i o n s  t h e  d i f f e r e n c e  
i n  g r a i n  s t r u c t u r e s  between t h e  two v a r i a n t s  w a s  n o t  s i g n i f i c a n t l y  l a r g e .  
S u b s t a n t i a l l y  more r e c r y s t a l l i z a t i o n  was 
The ill11 x-ray p o l e  f i g u r e s  f o r  t hese  two p l a t e  v a r i a n t s  a r e  given i n  
F igures  22 and 23 i n  t h e  h e a t  t r e a t e d  condi t ion  a t  t h e  T/2 plane.  Both 
i n d i c a t e  t h e  presence  of a mixed t e x t u r e  c o n s i s t i n g  o f  t h e  t y p i c a l  deformation 
t e x t u r e ,  { 1 1 2 )  <1iO> + {1231<63z> , and p o s s i b l y  a component o f  t h e  
u s u a l  cube I100 1 < 001> r e c r y s t a l l i z e d  t e x t u r e .  
w a s  determined t o  be s t r o n g e r  and t h e  deformation component w a s  weaker i n  the  
h o t  r o l i e d  v a r i a n t ,  s u p p o r t i n g  t h e  observa t ion  of a r e l a t i v e l y  l a r g e  r e c r y s -  
t a l l i z e d  g r a i n  s i z e  i n  t h i s  v a r i a n t .  
The r e c r y s t a l l i z e d  cube t e x t u r e  
The g r a i n  s t r u c t u r e  of t h e  two PMvar i an t s  of s h e e t  are shown i n  Fig- 
u r e  24. I n  t h i s  f i g u r e  t h e  T / 2  s e c t i o n  corresponds t o  t h e  lower edge of  t h e  
or thogonal  s e c t i o n s ,  w h i l e  t h e  T/4 and near -sur face  s e c t i o n s  correspond t o  t h e  
upper edge of t h e  o p t i c a l  micrographs.  The warm r o i i i n g  scheduie  produced a 
more inhomogeneous m i c r o s t r u c t u r e  c o n s i s t i n g  of  very  f i n e  r e c r y s t a l l i z e d  
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Figure 18. - O p t i c a l  m i c r o s t r u c t u r e s  of PM forged slab 
a t  T / 4  and T / 2  p o s i t i o n s .  
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Figure  19.  - (111) x-ray po le  f i g u r e  of PM 
forged  s l a b  a t  T / 2  p o s i t i o n .  
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Figure  20. - (111) x-ray p o l e  f i g u r e  of PM 
forged s l a b  a t  T f 4  p o s i t i o n .  
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Figure 21.  - O p t i c a l  mic ros t ruc tu res  of PM p l a t e  v a r i a n t s  
a t  T / 2  p o s i t i o n :  (a) ho t  r o l l e d  cond i t ion  
and (b)  w a r m  r o l l e d  cond i t ion .  
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Figure  22. - (111) x-ray p o l e  f i g u r e  of PM w a r m  r o l l e d  p l a t e  v a r i a n t  
a t  T / 2  p o s i t i o n ,  s o l u t i o n  h e a t  t r e a t e d  temper. 
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Figure  23 .  - (111) x-ray po le  f i g u r e  of  PM h o t  r o l l e d  p l a t e  v a r i a n t  
a t  T / 2  p o s i t i o n ,  s o l u t i o n  h e a t  t r e a t e d  temper. 
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Figure 2 4 .  - O p t i c a l  m i c r o s t r u c t u r e s  of PM s h e e t  v a r i a n t s  
a t  T / 2  and T / 4  p o s i t i o n s :  
c o n d i t i o n  and (b) h o t  r o l l e d  cond i t ion .  
( a )  warm r o l l e d  
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g r a i n s  a t  t h e  c e n t e r l i n e  p o s i t i o n ,  w i t h  a much l a r g e r  pancake r e c r y s t a l l i z e d  
g r a i n  s t r u c t u r e  near  t h e  s h e e t  s u r f a c e s .  There a l s o  was a s l i g h t  v a r i a t i o n  
i n  g r a i n  s t r u c t u r e  f o r  t h e  h o t  r o l l e d  s h e e t ,  but  t h i s  v a r i a n t  g e n e r a l l y  was 
t o t a l l y  r e c r y s t a l l i z e d  t o  a l a r g e  pancake g r a i n  s t r u c t u r e .  
The 11111 and 12001 p o l e  f i g u r e s  f o r  t h e  two PM s h e e t  v a r i a n t s  are shown 
i n  F igures  25 t o  32 f o r  bo th  t h e  -F t e m p e r  and t h e  s o l u t i o n  h e a t  t r e a t e d  
c o n d i t i o n s  i n  o r d e r  t o  e s t a b l i s h  t h e  r e c r y s t a l l i z a t i o n  processes  as a f u n c t i o n  
of  s o l u t i o n i z i n g  t r e a t m e n t .  Figures  25 and 26 r e p r e s e n t  t h e  -F temper s h e e t  
t e x t u r e s .  These f i g u r e s  i n d i c a t e  t h a t  t h e  -F temper s h e e t  had a t y p i c a l l y  
w e l l  d e f i n e d  s h e e t  t e x t u r e  development a s  observed i n  t h e  PM p l a t e  m a t e r i a l s  
(F igures  22 and 23) .  Figures  27 and 28 show t h e  same x-ray p o l e  f i g u r e s  f o r  
t h e  hot  r o l l e d  v a r i a n t .  The h o t  r o l l e d  t e x t u r e  i s  much less w e l l  d e f i n e d ,  
w i t h  a maximum i n t e n s i t y  i n  t h e  p o l e  f i g u r e  decreased by about 25 p e r c e n t .  
There i s  a l s o  a component of r e c r y s t a l l i z a t i o n  i n  t h e  p o l e  f i g u r e  i n d i c a t i o n s  
t h a t  i s  p r e s e n t  i n  t h e  s o l u t i o n  t r e a t e d  warm r o l l e d  v a r i a n t ,  but  no t  i n  t h e  
-F temper warm r o l l e d  v a r i a n t .  The predominate t e x t u r e  i n  t h e  warm r o l l e d  
-F temper i s  t h e  s tandard  A1 a l l o y  r o l l i n g  t e x t u r e ,  whi le  apparent ly  e i t h e r  
dynamic recovery/recrystallization o r  post deformation s t a t i c  r e c r y s t a l l i z a -  
t i o n  occurred  i n  t h e  h o t  r o l l e d  process ing  condi t ion .  This  l e d  t o  a r e d u c t i o n  
i n  t h e  sharpness  of t h e  deformation t e x t u r e  and c o n t r i b u t e d  t o  a component of 
t h e  r e c r y s t a l l i z a t i o n  t e x t u r e .  Figures  29 and 30 show t h e  two x-ray p o l e  
f i g u r e s  of  t h e  s o l u t i o n  t r e a t e d  w a r m  r o l l e d  v a r i a n t .  The PM a l l o y  s h e e t  
has  completely r e c r y s t a l l i z e d ,  w i t h  the -F temper r o l l i n g  t e x t u r e  be ing  
rep laced  by a more complex r e c r y s t a l l i z e d  t e x t u r e .  These r e c r y s t a l l i z e d  
components match w i t h  s e v e r a l  1 1101 < uvw> and l h k l  
c u l a r l y  t i '  / l l O i  < O O l >  , )1101<3?2>  , and )3211 <001>, a s  w e l l  a s  a 
p o s s i b l e  
< 001 > t e x t u r e s  , p a r t i -  
11 1 < l i O >  component. 
A comparison of F igures  20 and 30 w i t h  F igures  31 and 32, i n d i c a t e  t h a t  
n o t  o n l y  d i d  a d i f f e r e n t  -F temper t e x t u r e  e v o l u t i o n  occur i n  ho t  r o l l i n g ,  
bu t  a l s o  a d i f f e r e n t  r e c r y s t a l l i z a t i o n  t e x t u r e  developed on s o l u t i o n  t rea tment  
of t h e  h o t  r o l l e d  process ing  v a r i a n t .  The 200 x-ray p o l e  f i g u r e  i n  
Figure 31 shows a very  weak c o n t r i b u t i o n  of  t h e  ) l o 0 1  < 001> cube t e x t u r e  and 
two a d d i t i o n a l  complex t e x t u r e s .  An o r i e n t a t i o n  d i s t r i b u t i o n  f u n c t i o n  (ODF) 
a n a l y s i s  sugges ts  t h a t  t h e  two r e c r y s t a l l i z e d  components are b e s t  represented  
by t h e  i d e a l  11031 <31'i> and The r e l a t i v e  s t r e n g t h s  
of t h e s e  t e x t u r e s  f o r  t h e  two process ing  v a r i a n t s  w e r e  about t h e  same as 
observed i n  t h e  -F temper t e x t u r e s .  
1 1  
11041 < 4 7 i >  t e x t u r e s .  
A n o t e  of c a u t i o n  i s  zdvised i n  p l a c i n g  too  much emphasis on t h e  
s p e c i f i c  t e x t u r e s  i d e n t i f i e d  i n  t h e  s o l u t i o n  t r e a t e d  hot  r o l l e d  v a r i a n t  due 
t o  t h e  r e l a t i v e l y  coarse  g r a i n  s i z e s .  This  s i t u a t i o n  i s  known t o  c o n t r i b u t e  
t o  a less s a t i s f a c t o r y  sampling of t h e  t o t a l  d i s t r i b u t i o n  of g r a i n  o r i e n t a -  
I t i o n s .  It appears  t h a t  t h e  important  s i g n i f i c a n c e  of t h e s e  t e x t u r e  ana lyses  
i n d i c a t e  t h a t  t h e  PM a l l o y s  e x h i b i t e d  t y p i c a l  deformation s h e e t  t e x t u r e s  i n  t h e  
-F temper t o  0.070 in. t h i c k  gages,  with t h e  w a r m  r o l l e d  v a r i a n t  showing t h e  
s t r o n g e r  deformation t e x t u r e  development. The s h e e t  gages of b o t h  p r o c e s s i n g  
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Figure  25. - { 2 0 0 }  x-ray p o l e  f i g u r e  of PM w a r m  r o l l e d  s h e e t  v a r i a n t  
a t  T / 2  p o s i t i o n ,  -F o r  a s - f a b r i c a t e d  t emper .  
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Figure  26. - (111) x-ray po le  f i g u r e  of PM w a r m  r o l l e d  s h e e t  v a r i a n t  
a t  T / 2  p o s i t i o n ,  -F o r  a s - f a b r i c a t e d  temper. 
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27.  - (200) x-ray p o l e  f i g u r e  of PM ho t  r o l l e d  s h e e t  v a r i a n t  
a t  T / 2  p o s i t i o n ,  -F o r  a s - f ab r i ca t ed  temper. 
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Figure  28 .  - (lli} x-ray p o l e  f i g u r e  of  PM h o t  r o l l e d  s h e e t  v a r i a n t  
a t  T / 2  p o s i t i o n ,  -F o r  a s - f ab r i ca t ed  temper. 
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Figure  29. - (200) x-ray po le  f i g u r e  of PM warm r o l l e d  s h e e t  v a r i a n t  
a t  T / 2  p o s i t i o n ,  s o l u t i o n  hea t  t r e a t e d  t e m p e r .  
62 
RD 
TD 
Plot levels: 
16.2% 0.75 R 
1.25 R L w d  26.9% 
2.00 R 43,1y0 
1-1 64.6y0 3.00 R 
86.2% 4.00 R 
1.8 mm (0.07 in.) Warm rolled sheet, Nat. age 
(1 1 1) Texture 
I M ~ ~  9.21 R 
Figure  30. - (111) x-ray p o l e  f i g u r e  of PM warm r o l l e d  s h e e t  v a r i a n t  
a t  T I 2  p o s i t i o n ,  s o l u t i o n  hea t  t r e a t e d  temper. 
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Figure  31. - (200) x-ray p o l e  f i g u r e  o f  PM h o t  r o l l e d  s h e e t  v a r i a n t  
a t  T / 2  p o s i t i o n ,  s o l u t i o n  h e a t  t r e a t e d  temper. 
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Figure  3 2 .  - (111) x-ray pole  f i g u r e  of PM h o t  r o l l e d  s h e e t  v a r i a n t  
a t  T / 2  p o s i t i o n ,  s o l u t i o n  h e a t  t r e a t e d  temper. 
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v a r i a n t s  r e c r y s t a l l i z e d  on s o l u t i o n  t r e a t m e n t ,  bu t  developed d i s t i n c t l y  
d i f f e r e n t  t e x t u r e s .  The t o t a l  s t r e n g t h  of t h e  t e x t u r e s  w a s  r e l a t i v e l y  low, 
i n d i c a t i n g  t h a t  a h igh  degree of random o r i e n t a t i o n s  occurred  du r ing  
r e c r y s t a l l i z a t i o n .  
4. DISCUSSION 
The present  s tudy  has  demonstrated t h a t  PM 2XXX A1 a l l o y s  can be produced 
i n  t h i n  p l a t e  and shee t  gages w i t h  s u b s t a n t i a l l y  improved t e n s i l e  s t r e n g t h  
and f r a c t u r e  toughness p r o p e r t i e s  compared t o  I M  A1 a l l o y s .  
of t e n s i l e  s t r e n g t h  v a r i a t i o n s  w i t h  product  t h i ckness  i n  F igure  33 s e r v e s  t o  
i l l u s t r a t e  the magnitude of t h e  improvements. 
i n  y i e l d  and t e n s i l e  s t r e n g t h  of s e v e r a l  new I M  2XXX A1 a l l o y s  i n  comparison 
w i t h  t h e  i d e n t i c a l  p r o p e r t i e s  f o r  PM 2XXX A1 e x t r u s i o n s ,  p l a t e ,  and s h e e t  
from t h e  c u r r e n t  i n v e s t i g a t i o n .  
a dec rease  i n  s t r e n g t h  w i t h  t h i n  material  gages,  t h e  PM a l l o y s  possess  a 
d r a m a t i c a l l y  h igher  y i e l d  s t r e n g t h  i n  t h e s e  t h i n  gage s e c t i o n s .  
behavior  of t he  PM 2XXX A 1  a l l o y s  is a t t r i b u t e d  t o  t h e  enhanced a b i l i t y  of 
PM a l l o y s  t o  i n h i b i t  r e c r y s t a l l i z a t i o n  and g r a i n  growth du r ing  v a r i o u s  process-  
i n g  h i s t o r i e s .  
25 p c t .  h igher  t han  a I M  2034-T351 c o n t r o l  a l l o y ,  a Z r  modif ied v e r s i o n  of 
I M  2024 A l .  
marg ina l  i n  the  t h i n  gages,  and r e s u l t s  i n  on ly  about a 5 p c t .  improvement 
a t  0.75 i n .  t h i ckness .  The s i m i l a r i t y  i n  t e n s i l e  s t r e n g t h  p r o p e r t i e s  i s  pro- 
bably a r e f l e c t i o n  of t h e  work hardening c h a r a c t e r i s t i c s  a s s o c i a t e d  w i t h  
t h e  s t r eng then ing  p r e c i p i t a t e s .  
s t a n t i a l  hardening can be obta ined  i n  t h e  PM A1 s h e e t  forms d e s p i t e  t h e  
i n i t i a l l y  lower y i e l d  s t r e n g t h  levels. The PM 2XXX A1 products  have a l s o  shown 
comparable y i e l d  and t e n s i l e  s t r e n g t h s  as a f u n c t i o n  of l o n g i t u d i n a l  and t r a n s -  
verse d i r e c t i o n s .  
A comparison 
The f i g u r e  shows t h e  v a r i a t i o n  
While both  I M  and PM 2XXX A1 a l l o y s  e x h i b i t e d  
The s u p e r i o r  
The y i e l d  s t r e n g t h  of t h e  0.070 i n .  t h i c k  s h e e t  i s  approximately 
The advantage i n  t e n s i l e  s t r e n g t h  of t h e  PM A 1  materials i s  
Data given i n  t h e  t a b l e s  i n d i c a t e  t h a t  sub- 
Complementary t o  t h e  improved y i e l d  s t r e n g t h  p r o p e r t i e s  of t h e  PM A 1  
a l l o y s ,  t h e r e  is  a s u b s t a n t i a l  improvement i n  t h e  f r a c t u r e  toughness l e v e l s .  
I n  gene ra l ,  t he  PM 2XXX A1 a l l o y  materials o f f e r  a much b e t t e r  combination 
of s t r e n g t h  and toughness compared t o  equ iva len t  I M  A1 a l l o y s .  The a t t empt s  
t o  e v a l u a t e  the  in f luence  of g r a i n  s t r u c t u r e  on p rope r ty  behavior  through 
t h e  use  of two process ing  v a r i a n t s  have demonstrated t h a t  a b e t t e r  combination 
of s t r e n g t h  and toughness i s  a v a i l a b l e  i n  p l a t e  gages w i t h  warm r o l l e d  pro- 
c e s s i n g  condi t ions .  
one process ing  v a r i a n t  over  t h e  o t h e r  on t h e  b a s i s  of s t rength- toughness  a t  
t h i n n e r  shee t  gages. 
g raph ic  t e x t u r e s  are s i m i l a r  i n  t h e  p l a t e s  gages which probably e x p l a i n s  t h e  
r e l a t i v e l y  mild response of  s t rength- toughness  combinations t o  changes i n  
pro  cess i n g  h i s  t o r y .  
However, t h e  d a t a  do n o t  show a conc lus ive  b e n e f i t  of 
The t e x t u r e  a n a l y s i s  has  e s t a b l i s h e d  t h a t  t h e  c r y s t a l l o -  
The hot  r o l l e d  v a r i a n t  con t r ibu ted  t o  b e t t e r  l o n g i t u d i n a l  p r o p e r t i e s  
on i so thermal  ag ing  a t  e i t h e r  of t h e  two tempera tures .  Add i t iona l ly ,  t h e  ho t  
r o l l e d  v a r i a n t  a t t a i n e d  h igher  s t r e n g t h  l e v e l s  and maintained them f o r  longer  
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Figure  3 3 .  - Comparison of t e n s i l e  and y i e l d  s t r e n g t h  v a r i a t i o n  w i t h  
product t h i c k n e s s  of PM 2XXX and I M  2XXX A1 a l l o y s .  
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per iods  of t i m e .  
t o  d a t e ,  i t  may be advantageous t o  s e l e c t  a p rocess ing  h i s t o r y  t h a t  a l lows  
more f l e x i b i l i t y  i n  ag ing  t o  achieve  adequate  r e s i s t a n c e  t o  stress c o r r o s i o n  
c rack ing  and i n t e r g r a n u l a r  co r ros ion .  The peak s t r e n g t h s  of t h e  PM p l a t e  i n  
t h e  t r a n s v e r s e  d i r e c t i o n  were s i m i l a r  a t  bo th  ag ing  tempera tures .  
Although the  co r ros ion  performance has  not  been eva lua ted  
The hot  r o l l e d  shee t  m a t e r i a l  d i sp l ayed  b e t t e r  t e n s i l e  s t r e n g t h  proper-  
The L-T tear s t r e n g t h / y i e l d  s t r e n g t h  r a t i o  performance of t h e  
t i e s  than  the  w a r m  r o l l e d  v a r i a n t  i n  both  t h e  l o n g i t u d i n a l  and t r a n s v e r s e  
o r i e n t a t i o n s .  
two process ing  cond i t ions  i n d i c a t e d  a common behavior ,  a l though t h e r e  w a s  
more s c a t t e r  a s s o c i a t e d  w i t h  some of t h e  overaged tempers.  On t h e  o t h e r  hand, 
t h e  T-L t e a r  s t r e n g t h  r e s u l t s  w e r e  similar f o r  bo th  p rocess ing  v a r i a n t s .  
t h e  s t r e n g t h  - toughness combination i s  a s ses sed  by u n i t  p ropogat ion  energy 
measurements, t h e  w a r m  r o l l e d  s h e e t  appears  t o  show h ighe r  L-T toughness 
v a l u e s ,  bu t  the  hot  r o l l e d  s h e e t  cond i t ion  demonstrated b e t t e r  T-L toughness  
levels. I f  the s c a t t e r  i n  the  test methods i s  cons ide red ,  t h e  performance of 
t h e  two process ing  v a r i a n t s  is  judged t o  be i d e n t i c a l .  This  behavior  w a s  
observed d e s p i t e  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  i n h e r e n t  c r y s t a l l o g r a p h i c  
t e x t u r e s  of the PM s h e e t  materials. 
When 
Previous work on I M  and PM A1 a l l o y  f a t i g u e  c rack  growth behavior  has  
demonstrated t h a t  a complex i n t e r a c t i o n  e x i s t s  between g r a i n  s t r u c t u r e ,  l oad ing  
mode, and loading  ampli tude i n  r e t a r d a t i o n  of c rack  growth. These s t u d i e s  
have ind ica t ed  t h a t  a c o a r s e r  g r a i n  s t r u c t u r e  i n  PM a l l o y s  can cause a l a r g e r  
c o n t r i b u t i o n  t o  c rack  c l o s u r e  e f f e c t s  dependent on t h e  c h a r a c t e r i s t i c s  of t h e  
loading  amplitude.  The c u r r e n t  work sugges t s  t h a t  t h e  f a t i g u e  c rack  growth 
c h a r a c t e r i s t i c s  are l i k e l y  t o  be d i f f e r e n t  as a consequence of t h e  c o a r s e  
and duplex g r a i n  s t r u c t u r e s  i n  p l a t e  and s h e e t  material forms. The f a t i g u e  
c rack  growth behavior  can be  c o n t r a s t e d  t o  t h e  r e s u l t s  ob ta ined  on PM 2XXX A1 
e x t r u s i o n s  where t h e  g r a i n  s t r u c t u r e  i s  f i n e  and uniform i n  d i s t r i b u t i o n .  
5. CONCLUSIONS 
The present  s tudy  on PM 2XXX A1 a l l o y  p l a t e  and s h e e t  materials has  
demonstrated t h e  fol lowing:  
1. PM 2XXX A 1  a l l o y s  can be produced i n  p l a t e  and s h e e t  m a t e r i a l  forms 
wi th  ou t s t and ing  s t r e n g t h  and f r a c t u r e  toughness improvements over  
I M  A1 a l l o y s .  
2. PM 2XXX A1 a l l o y s  show a s i g n i f i c a n t  advantage i n  y i e l d  s t r e n g t h  
p r o p e r t i e s  compared t o  equ iva len t  I M  A1  a l l o y s  i n  t h i n  p l a t e  and 
shee t  gages.  
3 .  Due to  t h e  presence  of bo th  A13Zr  and oxide  phases ,  t h e  PM A 1  a l l o y  
materials are unusual ly  more r e s i s t a n t  t o  r e c r y s t a l l i z a t i o n  p rocesses  
(or  concomitant ly ,  a g r e a t e r  i n s e n s i t i v i t y  t o  v a r i a t i o n s  i n  p rocess ing  
h i s t o r y )  t h a n  I M  A1 a l l o y s .  
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4 .  Although r e c r y s t a l l i z a t i o n  does occur i n  t h i n n e r  gages of some PM A1 
a l l o y  m a t e r i a l s ,  ag ing  t r ea tmen t s  are e f f e c t i v e  i n  p rov id ing  a t t r a c -  
t i v e  p r o p e r t y  behaviors .  
6 .  RECOMMENDATIONS FOR FUTURE WORK 
The r e s u l t s  of t h e  c u r r e n t  i n v e s t i g a t i o n  on PM 2XXX A1 a l l o y  p l a t e  and 
s h e e t  m a t e r i a l s  l e a d s  t o  t h e  fo l lowing  recommendations: 
1.  The smooth and notched f a t i g u e  behavior  o f  t h e s e  PM 2XXX A1 a l l o y  
p l a t e  and s h e e t  m a t e r i a l s  should be eva lua ted  f o r  promising 
ag ing  tempers.  
2 .  The stress c o r r o s i o n  and genera l  c o r r o s i o n  performance of t h e s e  
PM 2XXX A1 a l l o y  materials should  be e s t a b l i s h e d  f o r  a p p r o p r i a t e  
combinations of ag ing  temperature  and t i m e .  
3 .  The f a t i g u e  c r a c k  growth behavior i n  v a r i a b l e  and c o n s t a n t  ampli tude 
load ing  h i s t o r i e s  should  be determined f o r  t h e  PM 2XXX A 1  a l l o y  
p l a t e  and s h e e t  m a t e r i a l s .  This  e v a l u a t i o n  w i l l  assess t h e  a b i l i t y  
of v a r i o u s  PM 2XXX A1 a l l o y  p roduc t s  t o  ma in ta in  adequate  s t r e n g t h ,  
toughness ,  and f a t i g u e  performance as a f u n c t i o n  of g r a i n  s i z e  and 
morphology. 
4 .  The s t r e n g t h  and f r a c t u r e  toughness performance of t h e s e  PM 2124  A1 
p l a t e  and s h e e t  gage materials should be eva lua ted  and v e r i f i e d  i n  
a p r o t o t y p e  f l a t  r o l l e d  product devel.opment prozram. 
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